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ABSTRACT : THESIS PART ONE. 
The thermal performances of two schools with central atria, and a typical primary school class- 
base, were assessed using the SERI-RES computer model. The design conclusions were that the: 
orientation of both buildings, with a central atrium, had little effect on their energy 
use; 
(11) width of the single storey atrium should not exceed seven retres, to avoid excessive beat 
loss in winter and summertime overheating; 
(Iii) main glazed vertical apertures should face within 30 degrees of south to derive benefit 
from significant useful solar gains in winter, and 
(jv) overhangs of tore than 300 mm, over southerly aspect windows, served little purpose, in 
terms of shading or improved daylight. 
A design guide was produced, based on the results of this study, and examples of passive solar 
schools in the United Kingdom. The main conclusions were that, passive solar buildings need not 
cost tore than ordinary school designs, and can result in at least a 101 reduction in energy use. 
ABSTRACT : THESIS PART TWO. 
To improve the modelling of sunlight and daylight, measured values of solar radiation, recorded at 
one minute intervals, were used to examine the relationship attributed to Lui A Jordan(1960), 
between the fraction of the solar radiation which is received on a horizontal surface, and the 
equivalent diffuse fraction, and the hypotheses that the: 
(a) characteristic diurnal distribution of the fraction of the solar radiation available 
outside the atmosphere, which is received on a horizontal surface, (r 93 ) should be 
expressed as an exponential curve, having the form r,, = A. e, k. ir in which A Is a nlýq 
coefficient, mr is the relative air mass, and k Is an extinction coefficient and sensitive 
to the angle of incidence; 
(b) clear-sky diffuse fraction might reasonably be approximated as rds 2ý 1-B. mr - rgj , where 
the coefficient B is also sensitive to the angle of Incidence, and 
(C) relationship between the fraction of total solar radiation rq, and that received In the 
visible spectrum rg, (vis) should be linear. 
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1.0 GENERAL INTRODUCTION: THE ORDER OF THE THESIS. 
1.1 The thesis is arranged in two main parts. The first relates to an earlier research 
project sponsored by the Department for Education, which involved a survey to identify passive 
solar schools(Hobday & Norton 1989), and the monitoring of six schools for several months over a 
period of two years(Harris 1991). Two of the monitored schools with central atria were selected 
for the present study, which used monitored data and computer simulation to assess their thermal 
performance. The computer simulations also allowed a study of the effects of varying the physical 
dimensions of the atria in proportion to the attatched buildings. A notional class-base to present 
day standards was also used to assess the environmental performance of a typical teaching space in 
relation to sunshine, daylight, electric lighting use, overheating, heat loss, and electric loads. 
1.2 A design guide, in the form of a building bulletin of the Department for Education, was 
commissioned as part of this study, to provide design and teaching professionals with the results 
of the present study, together with general information, advice, and some selected case studies of 
passive solar school buildings. Work on this has been undertaken, with some assistance from 
others. The results of the cost and energy appraisal of the case studies are given in chapter 
nine, and a sample of some of the building case studies analysed in the bulletin is included as 
appendix E. The completed draft bulletin has been peer reviewed, and subsequently approved by the 
Secretary of State for Education for publication by M(SO later in 1994. 
1.3 The weather f Iles, required to model the performance of the monitored schools, were to have 
been prepared from empirical data collected during an earlier stage of the research project. 
Problems were Identified with the Instruments used to measure the diffuse component of solar 
radiation, and existing, statistical procedures were used to estimate this component from the 
measured global solar radiation. In researching existing procedures, it was apparent that the 
Welling of the components of solar radiation warranted more detailed examination. This was 
undertaken, with new Instrumentation, allowing data retrieval at one minute intervals, and is 
presented as part two of the thesis. 
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2.0 INTRODUCTION TO PART ONE: THE SCHOOL BUILDING STUDY. 
2.1 The character of teaching spaces in schools, reflect ideas about the curriculum, 
educational practice, architecture, building construction and regulation. For most of the period 
from the late nineteenth century there have been significant changes. A noticeable trend has been 
that, as the 20th Century progressed, new schools built in the United Kingdom admitted more 
daylight and sunlight directly to the teaching spaces than earlier examples. This peaked In the 
late 1970's, and the trend has either remained static, or reversed during the last decade. school 
buildings designed during the period from the mid 1940's to the late 1970's reflect the Imposition 
of mandatory minimum standards and a preferred target level of daylight In teaching areas. most 
of these buildings have predominantly glazed facades. Those of the 1950's and 1960's were mainly 
built of a relatively lightweight, flat-roofed, form of construction, typical of the Immediate 
post-war period. The requirement was for low initial cost and a rapid method of building to deal 
with an expansion of basic needs, at a time of a general shortage of materials, finance and craft 
skills. This was also a time of relatively low energy costs, and with some significant exceptions, 
little thought was given to thermal performance, climate modification, or comfort. Consequently, 
most of the school buildings of the 1950's and 1960's tended to be thermally Inefficient, being 
subject to substantial heat losses during the beating season, and excessive overheating and glare 
from solar gain at other periods. 
2.2 After the international oil crises of the 1970's, energy conservation was considered to 
be a more important design factor. This was reflected In the methods of construction, and 
regulation. The previously mandatory minimum standard for daylight In teaching areas was relaxed 
to permit smaller windows and supplementary electric lighting as a means of fulfilling the required 
standard of illuminance on the working plane. It was assumed that this would be more energy 
efficient. A design note(DES 1979) was Issued, which set targets and performance requirements for 
environmental design and fuel conservation In education buildings. Although a version of this Is 
still current(DES 1981b), the standards are somewhat out of date, and have recently been reviewed 
with a view to amendment. Four criticisms of the DN17 guidelines are that: the beneficial effect 
of a passive solar design approach was not considered; the requirement for fresh air lacked 
credibility; the dynamic performance of buildings was not assessed, and the DN17 design procedures 
force the provision of low aspect ratio buildings, which tend to be deep planned, reducing the 
interaction between the Interior, and the external spaces and environment. 
2.3 Today, many school buildings are better Insulated, and have more moderate space beating 
demands. However, their environmental performance, during the rest of the school year, Is often 
poor. Nationally, electric lighting and small power loads have shown a disproportionate Increase 
In real terms, bearing In mind that the number of school places Is much reduced(DES 1992). In 
contrast, a good passive solar design alms to provide thermally efficient buildings, In which 
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Internal spaces have ample daylight, take advantage of available useful solar gains, and avoid 
overheating. The first passive solar school in the United Kingdom was St George's, (later renamed 
St Nary's) and was built in 1961 at Wallasey. It was designed, by A. E. Morgan, to relatively good 
Insulation standards for the time, and featured a large, southerly aspect, glazed solar collector 
wall. This school demonstrated the potential of such a climate responsive design, and that solar 
energy might be a viable, renewable, and clean energy option for school buildings. However, 
although space heating demand was met by solar and internal gains, from occupancy and electric 
lighting, the air quality was judged to be poor, and glare was considered to be a problem. (Crisp 
et al 1998) It is also doubtful whether the organisation of the teaching spaces would satisfy the 
requirements of current educational practice. Passive solar school buildings are not commonplace 
In the United Kingdom. However, many commercial buildings have sun-spaces and other features, 
associated with passive solar design, and the popularity of these solutions, and their aesthetic 
appeal to designers, has now led to them being used in school design. It could be argued, that 
with improved insulation standards, there is a risk of discomfort from the use of such features, 
an Insignificant benefit in terms of energy consumption, and unjustifiable additional capital 
costs might be incurred if a passive solar school design option was promoted. The DES commissioned 
the Department of Applied Energy of Cranfield University to undertake a survey of passive solar 
schools in the United Kingdom (Hobday & Norton 1999). A steering committee selected six schools 
for detailed monitoring(Rarris 1991). 
2.4 The present study was commissioned by the DFE to: 
(1) assess the performance of the two monitored schools with central atria; 
carry out some parametric analysis to establish design principles concerning the size, 
orientation, glazing specification, and heating of a central atrium at a primary school; 
undertake an assessment of the environmental performance of a typical class-base in 
relation to glazed areas, daylight, electric lighting, heat loss, overheating, and 
prepare a building bulletin to explain and illustrate the principles and features of 
passive solar design, and present these results, together with a review and assessment of 
selected case-studles of passive solar school buildings. 
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3.0 BACKGROUND. 
A brief outline of the development of provision for State education In the United Kingdom. 
3.1 The provision for State education has undergone significant changes and development since 
the late nineteenth century. The main public provision for schooling, following the 1870 Education 
Act of Forster, was with Education Boards, County, Borough, and Urban District Councils. By the 
tun of the century, this organisation was regarded as a muddle(Webb 1901). The 1902 Education Act 
of Norant imposed a coherent framework, leading from elementary schools tx) university, by way of 
a scholarship system, and created a decentrallsed system of local education authorities (LEA's) to 
administer and oversee schooling. Following this, Norant published his code for public elementary 
and secondary schools. (Board Edn 1904). This incorporated a new concept and philosophy of 
teaching. There was some conflict between the purely academic goals of a secondary education 
modelled on the public school system', and the national and Individual need for the development 
of artistic, practical, technical, and craft skills, as well as the attainment of appropriate 
academic knowledge. Fisher's Education Bill sought to remove part time education, and greatly 
Increase the general education of the majority of the population. It reached the statute book In 
1918, but apart from strengthening the powers of the education authorities, very little of the 
provisions of the Act were ever Implemented. 
3.2 During the years of the second world war, there was pressure to change the system. A white 
paper(Board Edn 1943) set out the Government view on education reconstruction, and what should be 
done about reforms. The keynote of the new system was to be a 'child centred education#, in which 
all pupils would, as far as possible, receive the type of education, which best suited their 
Individual needs. Butler's Education Act of 1944 created a Ministry of Education, Introduced the 
primary School idea of Hadow (Hadow 1926), and the need for nursery and special schools. Although 
It was vague about secondary education, the 1944 Act was clear about a three tier education system 
comprising primary, secondary and further education. There have been subsequent changes affecting: 
the school leaving age; the selection for, and nature of secondary s cho ols, and also the type of 
further education provision. This three tier structure of education, with transfer to secondary 
'School at 
the age of twelve, is still the predominant system for state education In the UK. The 
primary schools catered for children 
from five to eleven years of age. They were often sub-dIvided 
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into infant schools for the children from five to seven years of age, and junior schools for pupils 
aged eight to eleven years. This subdivision was to provide a more appropriate, and sheltered 
leaning environment for the younger children, even when both schools were accommodated on the same 
site. At first, all pupils entering secondary education were tested during their eleventh year of 
age by an examination for admission to grammar schools, secondary modern, or technical schools. 
To overcome the shortcomings of this selection(Lowe 1989), and fulfil the original aims of the war 
tile white paper(Board Edii 1943), comprehensive secondary schools were introduced gradually from 
1950. Despite selection anomalies reported in the White paper(Min Ed 1958), and the good GCE 
results by secondary modern schools. (TES 1%1), selection at eleven plus was largely unchanged, 
Until the government request for Uk's to submit plans to reorganise schools along comprehensive 
111'el(DM 1965)- This Invitation introduced the option of a four tier system comprising firstr 
middle, and high schools for statutory provision, plus sixth form, tertiary or further education 
colleges for young adults. It was argued that, the middle schools, permitted by the 1964 Act(Min 
Ed 1964), were more appropriate for the development of pupils between the ages of either eight to 
twelve years, or nine to thirteen years, as they provided a better transition from the earlyr less 
formal, years of primary schooling to the formal, subject-based, teaching of secondary schools. 
The resultant first schools were considered to be more appropriate for the younger primary school 
children. The high schools for pupils from thirteen or fourteen years of age, could be smaller 
than would otherwise be the case, which was considered to be better for older pupils. The middle 
schools were allocated minimal specialist facilities, compared with normal secondary school 
provision, and were a low cost option. Within the decade, most 9-13 middle schools were judged to 
be underachievlng. (DES 1983) 
3.3 The Plowden report (Plowden 1967), bad a big Impact In shaping education policy, and school 
designs for children of primary school age. It was the first study to focus on the educational 
and social needs of children of this age group, since Hadow coined the phrase 'primary', (Hadow 
1926), and reaffirmed It(Hadow 1931). Plowden also covered the relationships between the hole, 
Pelghbourbood and school, and with other schools within the education system. The Education Act 
of 1979 removed the requirement for LEA's to submit plans for reorganising their secondary schools 
along comprehensive lines. 'A National curriculum was Introduced for all schools under the 
Education Reform Act of 1988(DES 1988), In which measures were also introduced to give individual 
schools sore autonomy In how they were run, and responsibility for their own budgets. 
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Illustrated outline of some aspects of the development of sdml buildings in the UK. 
3.4 These political, policy, and organisational decisions, taken during the last one hundred 
years, were made in the context of developing social and educational aspirations. They were 
accompanied by a significant growth in the nature of the provision for statutory education, and a 
changing school population from demographic trends including the post-war baby boos, the raising 
of the school leaving age from 14 to 15 years in 1947, and again from 15 to 16 years In 1972, and 
curriculum changes. Building programmes were needed to provide for this. The most far reaching 
changes in education provision, building policy and programm flow from the 1944 Eduction Act of 
Butler. 
TABLE 3.1 MINTAINED SCHOOLS POPULATION (millions) 
TYPE 1895 1938 1947 1965 1981 
Board 2.4 - - - - 
voluntary 1.9 - 
Elementary - 5.2 - - 
Primary - 5.0 4.1 
secondary 0.4(a) 3.2 4.4 
TOTAL 4.3(a) 5.6(b) 5.0(c) 8.2(d) 8.5(e) 
sources: a(Batho 1989), b(X! nEd 1957), c(MinEd 1948), 
d(DES 1966), e(DES 1982) 
3.5 overall population numbers often concealed significant changes. For example, although 
there were fewer children just after the second world war than Immediately before It, there was a 
substantial Increase In the birth rate during the years 1942 to 1948. From 1947 to the 1960's 
this was represented by a bulge In certain age groups In the school population, with attendant 
accommodation need. Building work was also required whenever the school leaYIng age was raised, 
or the age range of pupils, and distribution and type of school was changed. For example, when 
comprehensive schools were Introduced, they required more specialist facilities for a wider 
curriculum, than either the grammar or secondary modern schools provided. 
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Percentage of total pupil population in secondary education, 
England and Wales* 
Shaded areas: selective, fee paying or independent sector 
Clear areas: non-selective sector 
1961 Types of Schooling 1.970 
direct grant, assisted- 8-5 





dary modern-I 136-9 
* 196 z figures from p. 124, Social Trends, HMS0,1970; 1970 figures from 
vol. Y, p. 2, DES Statistics, 1970. 
Figure 3.1 Secondary Education 1961-1970 (Benn & Simon 1970). 
3.6 From the late nineteenth century to date, the character of schools, classrooms and other 
teaching spaces has altered to reflect these political decisions, and changes in educational 
philosophy, curriculum, and teaching practice. Architecture, health considerations, cost, and 
building regulation or construction techniques, have also had a direct influence. It was 
recognised, from the earliest arrangements made to provide for the State education of children in 
the UK that, ample daylight, and sufficient fresh air, were essential pre-requisites for the 
attainment of conditions, which were conducive to learning and good health. The Board schools of 
the nineteenth century, invariably bad high ceilings and large windows, but wbilst these designs 
did produce levels of natural illumination, which were better than the norm for other buildings of 
the time, they were not particularly good. The windows were not designed to provide a view, or 
good and controllable, levels of natural ventilation, since the cills were usually above bead 
height, and opening lights were often very small. The early Board schools were also poorly heated, 
and were considered to be to 'poor law standard'. In the late nineteenth century, some school 
buildings were therefore designed to take advantage of north light, in order to provide a high 
level of glare-free daylight in the classroom, and avoid the problems of overheating due to direct 
sun] ight. 
A late 19th century northlight school. 
Plate 3.1 Exterior 
Plate 3.2 Interior 
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3.7 However, from the turn of the century to the 1930's, there was also an increased emphasis 
on the importance of direct sunlight, daylight and fresh air, for the health and well being of 
children. This led to the introduction of 'open air' schools, as a means of combatting disease, 
particularly for frail children with respiratory problems, and to minimise the risk of 
tuberculosis. These schools were often orientated to have a soutberly, east or west aspect to 
teaching spaces, and classroom windows were designed as sliding/folding features, which enabled the 
external wall to be opened fully, or at least a significant proportion of it, to admit sunshine and 
fresh air into the classroom for part of the school day. 
Plate 3.3 Open air school. 
Wý r 
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Plate 3.4 Open air school. 
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3.8 Teaching methods in the classroom did not change much prior to the 1944 Act. Plates 3.5 
to 3.7 illustrate this from photographs taken of the interiors of some classrooms for younger 
children. (source Min ED 1957) 
Plate 3.5 circa 1900 Plate 3.6 192,, 
Plate 3.7 early 1940's 
3.9 Plates 3.8 to 3.9 illustrate an example of a type of school hall provided in 1880 and in 
the 1930's. (Min Ed 1957) 
Plate 3.8 1880 Plate 3.9 1930's 
3.10 Prior to the 1940's, the number of toilets provided for pupils was usually adequate, but 
the accommodation provided was often very basic, and usually housed in unheated outbuildings with 
poorly designed fittings. 
Plate 3.10 circa 1870 Plate 3.11 1927 
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3.11 Plates 3.12 and 3.13 illustrate the difference, in stylp and fenestration, between an 
example of a 'Board school' and a school from the 1930's( Min Ed 1957). 
Plate 3.12 circa 1900 
Plate 3.13 mid 1930's 
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3.12 Before the 19401s, school plans were often of one room depth, with either external covered 
ways or lengthy enclosed corridors to provide access to classrooms. This plan form is often 
referred to as 'finger plan'. Most general teaching activity was confined to the continual use of 
a classroom. A well known secondary school of the 1930's was the Village College at Impington near 
Cambridge. It was designed by the internationally famous architects, Walter Gropius and Maxwell 
Fry for Henry Morris, the equally well known educator of the time. 
,, 
ý - ') cr (-I 
Figure 3.2 Impinqton Village College. 1938-1940. 
3.13 Prior to the passing of the 1944 Act, doctors and educators were concerned about the poor 
vision of children of the inter-war years. Following the 1944 Act, a development group was 
established within the Ministry of Education, which issued circulars, premises regulations, and 
memoranda to LEA's. Building regulations for public elementary schools and secondary schools had 
been issued in 1914, but they were not statutory. Their intention was to provide guidance and 
general principles for school planning, and examples of the best current practice. The 
regulations for elementary schools were withdrawn in 1926, and both sets of regulation were 
superseded by handbooks of suggested practice(Board Edn 1931,1936). 
3.14 Section 10 of the 1944 Act, required the Minister to prescribe, by regulation, the 
standards for primary and secondary school premises. A set of draft standards was 
published(Circ. 10.1944), which was formally adopted as a statutory instrument on lst April 1945 
(Min Ed 1945a), and was usually referred to as the building regulations. These were novel, 
because they were statutory, and prescribed minimum standards to be achieved, not the maximum. 
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3.15 The 1945 regulations introduced a new standard governing the level of natural illuminance 
to be achieved in schools. This re-pmphasised the earlier perceived importance of admitting 
sunlight directly to the classroom. Prior to this, the recommendation had been one half of one per 
cent of the luminance of an unobstructed sky. The new minimum value specified was a daylight 
factor of two per cent, but it would be more correct to call this mandatory requirement a 'sky 
factor,, since the illuminance specified was to be the percentage of the sky luminance directly 
visible from the working plane within a classroom. The new standard did not include for the 
contribution to the illuminance on the working plane from reflected daylight. An accompanying 
memorandum recommended that a 'higher figure of up to five per cent should if possible be secured, 
eq. in rooms where clerestory lighting or top lighting can be arrangedl. (Min Ed 1945b) 
Plate 3.14 Monkfrith school, East Barnet. 1949-1950. The 1945 standard of daylight. 
3.16 Collaborative work was undertaken between scientists of the Building Research Station 
(BRS), and the architects at Hertfordshire County Council, which demonstrated that, when the 
reflected component was taken into account, both the 1945 minimum, and recommended standards were 
found to be rather exaggerated. Medical evidence had also indicated that the onset of myopia in 
children had little to do with levels of daylight 
in schools, (Saint 1987) and the Ministry of 
Education's mandatory minimum 'sky factor' for daylight was therefore effectively reduced in 1951, 
by the inclusion of a component for reflected light, thereby changing to a mandatory minimum 
'daylight factor' of two per cent (Min Ed 1951a) rather than the earlier 'sky factor'. 
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Plate 3.15 A 1954 school. 
3.17 The development group's activities for specific LEA's also stimulated innovative methods 
for the planning, design, and construction of school buildings. By 1951, over 240 circulars on 
school building matters had been issued by the new Kinistry of Education. Notable amongst these 
were the draft building regulations (Circ. 10), and the circular on development plans. (Circ. 28), and 
of the series of Building bulletins produced, those written by David and Nary Nedd on new primary 
schools(Min Ed 1949), and John Price on the cost studies, based on his work at Hertfordshire county 
architects department (Nin Ed 1951b), bad enormous influence. Similarly the bulletins on fire(Min 
Ed 1952a), colour(Nin Ed 1952b) and kitchen design(Nin Ed 1955) were both relevant and of 
immediate, practical value to architects. Over seventy bulletins, and fifty subsidiary design 
notes were published. Indeed, from 1949 onwards, the building bulletins published by the Ninistry 
of Education were one of the most influential seans of transforming the schools. The flair of the 
architects' ideas and thinking illustrated in them, stimulated teachers and design teams alike. 
These bulletins contained exciting plans, and showed that it was possible to provide teachers and 
pupils with a wide variety of indoor and outdoor spaces appropriate to their needs. 
3.18 The immediate post war period was a time of acute shortages of building materials and craft 
skills, but relatively plentiful fuel and therefore relatively low fuel costs. In 1946-1948, the 
building industry was struggling into action. The pre-war schools had generous spaces, with large 
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halls, and often separate dining rooms and gymnasia. They also had ample circulation areas. 
overall, the circulation space might amount to one third of the total area of the school. At that 
time, architects were free to determine the area and cost of the school, providing they met 
recommended standards. In 1945 minimum space standards were introduced for teaching areas. The 
size of school being defined by the number of infant and junior forms of 40 pupils, or secondary 
schools for 11-14 year olds in senior forms of 30 pupils, to enter the school per year(FE). 
TABLE 3.2 MINIMUM TOTAL TEACHING AREA OF SCHOOL(M2 ) (adapted: Min Ed 1957). 
FORMS OF PRE-WAR 1945 REGS 1951 REGS 1954 REGS 
ENTRY(FE) (a) 
INFANT 
1 231 245 251 251 
2 453 433 482 473 
3 638 660 623 644 
JUNIM 
1 334 389 353 353 
2 566 650 582 569 
3 773 948 800 785 
SENIOR 
1 427 777 787 607 
2 955 1500 1289 1189 
3 1118 2017 1880 1803 
(a) Source paEphlets 86 & 107. (Board Edn 1931,1936) 
3.19 The size of the post-war baby boom was also becoming apparent. It was estimated that 
200,000 new school places would be necessary each year to 1955 to deal with the replacement of war 
damaged schools, substandard premises listed since 1925, and the new birth rate. The architects 
and buildings (A&B) branch was formed at the Ministry of Education in 1949 at a time when the 
economy was worsening, and the current school building programme was not affordable. Building cost 
limits per school place were introduced in 1950 on the advice of the A&B branch. Building costs had 
risen annually from 1939. From 1945 to 1949 the rate of the annual increase varied throughout the 
country. Up to and including the 1949 building programme, there had been no prescribed limit on 
the cost Of projects. Between 1949 and 1956 the cost of building rose by over fifty per cent. 
Despite the steady increase in the cost of building from 1950 to 1961, the cost limits introduced 
in 1950, were only adjusted in 1951 in line with the amended space standards, in 1953 for 
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Inflation, and in 1955 to cover the 1954 regulations and an inflationary allowance(Min Ed 1957). 
Two factors justified the reduced costs between 1949 and 1955/56. The first was the fundamental 
way in which the use of space in schools was studied. The second was the introduction of elemental 
building cost analysis and planning. For exapple it was found that: 
ideally , prima school classrooms should be grouped in pairs, with direct access to cloaks, taiets7and outside spaces; the only circulation space, which could be justified, 
was from the classroom to the assembly hall/dining facility; smaller gross areas were 
feasible, and 
(H) there was considerable discrepancy between expenditure on particular elements of school 
construction from one LEA area to another(Saint 1987), suggesting that construction 
standards could be rationalised, and overall costs reduced. 
TIM 3.3 BUILDING COSTS :E PER PLACE. (compiled from: Min Ed 1957) 
BUILDING COSTS :f PER PLACE 
YEAR 1949 1950 1951 1953 1955 
Primary School 200.00 170.00 140.00 146.00 154.00 
Secondary School 320.00 290. LO_____ L 240.00 250.00 264.00 
-4-L] 
3.20 Saint(1997) reports that the cost limits did not rise above the 1955 level until 19611 
because the Minister wished to avoid contributing to inflation. A seemingly foolhardy political 
decision, because such action Inevitably contributed to the widespread major building failures of 
later years, associated with the specification of short-life, low cost materials for the 
construction of schools erected during the post-war school building boom In this period of 
arbitrarily fixed cost limits. 
3.21 It was also considered acceptable for one of a pair of classrooms to gain access to the 
hall, by passing through the neighbouring classroom. Planted courtyards were also favoured as 
a means of providing daylight, visual links with the outside, and direct access to pleasantly 
sheltered outdoor spaces. 
18 
w 
Figure 3.3 Kenilworth school, Herts (1951-1952). Example of a more compact plan fOr". (Saint 1987) 
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3.22 The A&B branch maintained a development group, and, from time to time, collaborated with 
LFA architects on the design of individual schools as development projects. The purpose of these 
projects was to expand the boundaries of thinking about the design of schools. Plate 3.16 
illustrates the first example of an open plan primary school in England. It was designed by David 
and Mary Medd and Pat Timball of the development group, for Oxfordshire county council, and built 
in 1958-1959. This school had fairly generous space provided per pupil. Each class had its own 
base and the use of a large activity area, which was shared with another class. The idea was 
extensively copied, but without the same success. This was usually attributed to tighter space 
allocation and planning, with a consequent lack of acoustic separation for the class-basp area. 
Plate 3.16 Tho f irst lopon plan' English primary school . 1958-59. 
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3.23 In 1957 the Ministry encouraged the co-ordination of the building efforts of siY local 
authorities with subsidence problems, by the formation of a consortium for school buildings, known 
as the consortium of local authorities special programme. (CLASP) A second consortium of local 
authorities (SCOLA) was also formed to concentrate on methods of building schools as fast as 
possible, using standardised components and prefabrication techniques. These arrangements were 
successful in producing economies of scale from bulk purchasing, without which the standards of 
components and finishes specified would not have been affordable, and rapid construction times on 
site. 
3.24 Figure 3.5 shows the plan of James Peacock infant-, school, Ruddington. It is a CLASP 
system building, with classrooms in pairs grouped around a ball, and has small courts to admit 
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Figure 3.5 A 1966 CUSP infants school. Nottinghapshire county architect. 
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3.25 The Plowden report(Plowden 1967) gave an indication of the interaction which had already 
taken place between teachers and architects, since the formation of the A&B branch at the Ministry 
in 1949. This collaboration had been used to improve the understanding of the types of spaces and 
finishes needed for the very wide range of educational activities to be found in primary schools, 
and to provide innovative design solutions based on this work. Plates 3.17 to 3.22 are a 
representative sample of these activities illustrated in the Plowden report, showing that much had 
already been achieved by the mid 1960's. 
) 
Plate 3.17 Experiment Plate 3.18 Craft 
ago, 
Cýj 
Plate 3.19 Group work Plate 3.20 Reading 
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Plate 3.21 Mechanics Plate 3.22 Movement. 
3.26 However the overall effect of: post war shortages; inadequate lead times for new school 
places, and fixed cost limits, space, and daylight standards, was that buildings of the period 1945 
to the 1961 were usually built of relatively lightweight construction, with low-cost flat roofs, 
and large window areas, irrespective of orientation. At the time of the 1944 Education Act, the 
principal responsibility for environmental science in building was with the Architectural physics 
section of the Building Research Station (BRS). They collaborated with the county architect of 
Hertfordshire to evaluate the 1945 daylight standard for schools, and were instrumental in bringing 
about the reduced standard of 1951. Unfortunately beating, ventilation, and the thermal 
performance of school buildings was another matter, and it was not until 1950 that the A&B branch 
persuaded the BRS to look into this. The BRS again collaborated with Herfordshire, who were 
already committed to the Andrews Weatherfoil warm air system for space heating, and so the BRS 
study was less fundamental or objective than possibly required at that time. The BRS results did 
however form the basis of subsequent policy advice to LEA's for many years. Unfortunately 
therefore, although often very well planned, detailed and furnished to provided reasonable well 
thought out teaching spaces and heating systems, which were capable of providing adequate warmth, 
zany of the schools built from 1950 to the 1970's were poorly 
insulated and thermally inefficient. 
They had very large windows, irrespective of orientation, with associated problems of glare and 
overheating from sunlight, and were subject to high heat losses during the heating season. 
Although school toilet provision was indoors and much improved, with a consequent ease of 
supervision in primary schools, there was often little attention paid to air quality. 
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3.27 There were many successful aspects of this development of design policies for post war 
school buildings, for which the Ministry of Education's initiatives with the LEA's were largely 
responsible. However, although the permitted maximum number of days for temperatures of 27 
degrees celsius and over, and cost analysis and control methods were defined, the policy areas Of 
building design performance, which were most neglected during the 1950's to the 1970's relate to 
the absence of any holistic appraisal of the interaction of individual policy statements on: 
(i) capital cost, revenue cost, major maintenance cycles, and cost limits per place, and 
(ii) year round environmental performance, daylight, air quality and comfort. 
3.28 The sound environmental design of buildings for daytime use should aim to provide thermally 
efficient buildings, in which zany of the internal spaces have ample daylight, take advantage of 
available useful solar gains, and avoid overheating. The form and performance of such 
architecture needs to be carefully evaluated and resolved at the initial design stage in relation 
to its use, site, orientation, sun path and climate, to ensure that the solution is an economical, 
functional, and sound building structure, which is comfortable, and has an interior and exterior 
which delights the senses. This climate sensitive approach to design is often referred to as 
'passive solar', because the external fabric or 'envelope' of the building is designed to achieve 
dpsirable climate modification, benefits from available ambient energy, and a reduced heating 
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season, and energy loads. Alternatively, an energy conserving strategy might prove more efficient, 
particularly when site conditions with orientation or overshadowing problems exist, in which case 
a climate excluding environmental design might be more appropriate. 
3.29 The first passive solar school in the United Kingdom was built in 1961 at St 
Mary's(formerly St George's) Wallasey. It was designed by A. E. Morgan, and built of heavyweight 
construction, which was well insulated externally. It bad a very large, southerly aspect, double- 
glazed solar collector wall to the teaching spaces. A secondary heating system was installed, but 
not generally used, because the space heating from useful solar gain and internal gains from 
occupants and tungsten lighting was considered adequate. Plate 3.23 and figure 3.6 illustrate the 
school. The Building Research Establishment (BRE) monitored the performance of the school 
in 
1986. They were critical of the amount of glare in teaching spaces, and the poor air quality, 
attributable to the fact that the arrangements for natural cross ventilation were rarely used(Crisp 
et al 1988). This indicates the importance of the consideration of occupant behaviour as a design 
parameter. 
plate 3.24 St Georges school, Wallasey 1961 
25 
N th - A, jo4 












Figure 3.6 St George's school ground floor plan & section. 
Figure 3.7 shows a graph of the mean daily ambient and internal temperatures in the unheated 
building, and clearly demonstrates the thermal effectiveness of the design. 
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Each dot of circle represents the mean temperature for the day. based on up to 72 daily values. 
Figure 3.7 Monitored results St Georges School. 
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3.30 Following the international oil crisis in the late 1960's and early 1970's, there was 
increasing emphasis on the conservation of energy. The previous mandatory standards, concerning 
the minimum provision of daylight in teaching areas, (Min Ed 1951a) bad been relaxed to permit 
smaller windows, and permanent supplementary artificial lighting(PSkL) to be used instead of 
dayligbt, (DES 1967) and it was assumed that this combination would be more energy efficient. (DES 
1979) 
Plate 3.25 PSAL school 
3.31 During the 19701 and 801s, local authorities were experiencing considerable difficulty in 
meeting the escalating costs of school maintenance, due to the scale of replacement and repair 
needed of major elements of the post-war schools constructed during the period 1950 to the aid 
1960's. Following the oil crisis of 1973, fuel prices and the poor thermal performance of these 
schools were also a cause for concern. The LEA's unit costs of education in maintained schools was 
increasing at a time when the moneys from the Exchequer were reducing due to the effect of falling 
pupil numbers. School buildings were exempt from the provisions of the general building 
regulations, which until 1976, contained only a very modest requirement for the insulation of the 
solid areas of walls and roofs. There was no limit to the area of glazing, which could occupy the 
whole of a wall. Since 1976 the general building requlations(DOE 1976,1978,1981,1984,1985, 
1989,1991) became progressively more stringent, with such iaproved thermal resistance, and 
permitted areas of glazing were regulated. 
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Table 3.4 BUILDING REGULATION MAXIMUM U-VALUES (W/m2 K): 
(a)OFFICE, SHOPS, AND ASSEMBLY BUILDINGS; (b)DWELLINGS. 
ELEM 1976 1985 1990/1991 
REMTIONS REMTIONS REMTIONS 
(a) (b) (a) (b) (a) (b) 
exposed walls 1.00 0.60 0.60 0.45 0.45 
seal-exposed walls 1.70 - - 0.60 0.60 
windows 5.70 5.70 5.70 5.70 
exposed floors - 1.00 0.60 0.60 0.45 0.45 
seii-exposed floors - 1.00 - 0.60 0.60 
ground floors - 0.45 0.45 
roofs - 0.60 0.60 0.35 0.45 0.25 
roof lights 5.70 5.70 5.70 5.70 
windows I external wall area. 351 351 
rooflights I roof area. 201 - 201 
wiMm plus rooflights I external wall area. - 121 - - 
wiMm plus rooflights I total floor area. 151 
3.33 The Introduction of thermal performance criteria in the general building regulations put 
pressure on the DES to either comply with the general building regulations, or issue appropriate 
regulations for schools. Design Note 17 was issued (DES 1979) to provide more detailed guidelines 
than previously available on environmental design and fuel conservation In school buildings. 
Although these were Intended as guidelines, they were in effect obligatory, since It was necessary 
In practice to satisfy the DES that schools complied with them, particularly when applying for loan 
sanction for capital projects. Although a version of the guidelines Is still current, (DES 1981b) 
It does not take account of either, the generally Improved thermal Insulation standards now in use 
In relation to other types of building, or the evidently beneficial effect, which a passive solar 
design approach may have, as Identified by the Watt Committee (O'Sullivan 1988). Consequently, the 
DN17 procedures encourage poor overall thermal performance, and to some extent force, the provision 
of low aspect ratio buildings. These tend towards a climate excluding design solution, by reducing 
the Interaction between Interior and external spaces and environments. 
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4.0 COMPUTER MODELS 






4.2 The Seri-Res dynamic building thermal simulation model was produced for the Solar Energy 
Research Institute (SERI) at Golden, Colorado, by Larrie Palliter and Terry wheeling of Ecotope 
Group, Washington. (Palmiter & wheeling 1981) It was used extensively for the evaluation of passive 
solar housing projects In the United States, and has been validated(Judkoff 1988). The original 
version 1.0 was assessed for use In the UK passive solar building programme, and various 
Improvements were proposed (Haves & Littler 1997). Some of these Improvements were sanctioned, 
and carried out by the Central London Polytechnic and Cap Scientific,, to extend the capacity of the 
model, make it particularly appropriate for use with low-rise domestic and non-domestic 
buildings(sucb as schools), and Improve Its realist with regard to: 
shading, fan operation, and Internal glaflng to provide wre rigorous sodelling of suns- 
spaces and atria; 
lighting and daylight, by the Introduction of a facility to calculate the thermal 
consequences of electrical loads, and modify the BRE daylight factor method to calculate 
daylight levels, electric lighting use, and hence electrical demand. 
The resultant Version 1.2 (Haves 1987) was adopted by the UK and sanctioned for use In the passive 
solar programmes of the UK and the EEC. Both the mainframe version Of this and a later personal 
computer version of the program were used In this study for the analysis of the thermal performance 
of the two schools with central atria, and the notional class-base respectively. 
4.3 The program compiles a building description f Ile from the data, entered numerically by the 
user. The program uses a series of equations, which are solved repeatedly, using finite 
differences, Jacobian Iteration and constrained optivisation techniques, at Intervals of less than 
one hour. The actual Interval Is determined by stability criterion. The building Is represented 
mathematically as a thermal network having non-linear temperature dependent controls. 
4.4 Four paraveters affect the sagnitude and d1stribution of solar radalation In each : one of 









(1) Total So. ar Incident an window. 
(2) Reflection 14634S from glazing layers. 
(3) Reflection Losses from shading device. 
(4) Nevard flowing portion of solar absorbed In glass. 
(5) Loss of Inward flowing portion of solar absorbed 
due to shading device. 
(6) Net Inward flowing portion of solar absorbed In 
glass goes to air node. 
(7) ft)rtwavo solar lose to other zones. 
(a) Shortwave solar gain from other zones. 
(9) Shortwave to air node. 
(10) Shortwave to sass4l. 
(11) Shortwave to mass 02 
figure 4.1 SERI-RES INTERIOR DISTRIBUTION OF SOLAR RADIATION. (Palmiter & Wheeling 1981). 
(1) Shading coefficient. Each window say have a user specified shading coefficient which is used 
to multiply the solar beat gain through the window. The solar heat gain has two components: the 
short-wave solar radiation transmitted through the window, and the inward emitted fraction of the 
solar radiation absorbed by the glazing layers. This inward emitted fraction goes directly to the 
air node of the zone. 
(11) Solar lost coefficient. To account for the fact that a fraction of the incident short-wave 
radiation Is reflected out at the surface of the glazing, and the outward emitted part of the 
fraction which Is absorbed by the gazing layers, a solar lost coefficient is specified. 
(111) Solar to air coefficient. After accounting for any Inter-me radiation transfer via 
Internal glazed screens, a fraction of the remaining available short-wave radiation may be 
specified to account for that portion of radiation absorbed by non-tassive objects such as 
furniture, and which Is converted more or less Instantaneously to beat. 
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(Iv) Solar to wall coefficient. The remaininq solar radiation within the zone may be distributed 
onto the walls in two ways. The default method distributes the radiation directly proportional to 
the surface areas of the zone. The user specified method associates a fraction absorbed by each 
surface. For each zone. the sum of all the solar to wall coefficients for surfaces within the 
zone, plus the fraction to air and fraction lost imt equal one. 
4.5 The daylight facility requires an input of daylight factors, which are used to assess 
dayliqht availability, fron different sources, in a zone. A laximm Of three Daylight factors 
can be entered Per zone, representinq the lictht from up to three separate directions. For 
situations involving daylight frou more than three directions, a horizontal surface has to be 
defined, and a single daylight factor associated with that surface Is used as the representative 
value for the zone(Haves, 1991). Window blinds say be specified, and the blind control seeks to 
, jaintain the transaitted direct Insolation at the set-pobt value Specified, and deteribe the 
effective blind opening for each surface having glazed apertures Into each day-lit zone. 
4.6 The level of daylight within a : one Is then calculated from the solar radiation data In 
the weather file, and is used to predict the use of electric lighting during specified periods for 
different control methods. Beat gain from the use of electric lighting is calculated and 
Incorporated In the algorithm used to calculate : One temperature and heating and'ventilation loads. 
lir handling luminaires can be modelled. Manual or automatic lighting controls can be specified. 
The automatic systems can be either continuously variable, or switched In steps, and each zone can, 
If required, have a perimeter area which is controlled by a sensor, and a core which is on 
continuously for scheduled periods. Nhen the manual switching option Is selected the level of 
daylight availability is used together with an empirical probability curve(Hunt 1990) to predict 
when the lights will be switched on during specified periods of occupancy. 
4.7 )w environmental temperature, is calculated for each zone by Seri-Res. It Is a weichted 
sum of the dry bulb and black globe radiant temperatures, and used in Seri-Res to reflect the 
users' perception of comfort, having the form(Haves 1991): 
Tvnv = 0.375 Tdry + 0.625 Tbg 
This relationship reflects the fact that the program was originally written for use In the United 
states of America, where mean radiant temperature Is defined(McQuiston I Parker 1988) as: 
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[4.21 
Trad = Tbg +D V-1/2 (T bg - Tdry 
where T 
, bg = 
blackglobe temperature C, C 
D= cons tan t of 2.2 (for SX un! ts) 
Tdz7 = drybulb temperature 0C 
7= air velocity ms-1 
for sedentary activity, and the resultant temperature is then given by: 
Tres ' 
Tdry + Trad [4.31 
2 
4.8 Although the CIBSE guide, used in the UK, uses the same expression as eqn 4.3 for the 
resultant temperature( for Indoor conditions with air speeds of 0.1 m s7l ), the UK version differs, 
In that It defines mean radiant temperature as the black globe temperature (CIBSE 1986: A1.2). By 
definition, the CIBSE value is therefore actually based on the mean value of the sum of the dry 
bulb and black globe temperatures: 
[4.41 
= 
Tdry + Tbg 
Tres 
2 
and would normally return a different value for the resultant temperature, because of the reduced 
weighting given In the CIBSE definition of mean radiant temperature. Figure 4.2, illustrates the 
difference between the resultant temperatures calculated by these methods, based on some hourly 
black globe and dry bulb temperatures recorded in the atrium at Barnes Pan school, typical of 
those recorded during the monitoring period. This Indicates that the Seri-Res environmental 
temperature output In a sun-space returns a value between the values of resultant temperature 
calculated by either method, and that the difference Is marginal. 
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Figure 4.2 COMPARISON OF SERI-RES ENVIRONMENTAL TEMPERATURE OUTPUT WITH RESULTANT TEMPERATURES 
CA=TED BY THE CIBSE I ASHRAE KETHODS. 
4.9 The choice of a suitable resultant temperature for a system design resolves itself Into 
choosing that temperature which should give optimum comfort for the occupants concerned, taking 
into account their clothing and level of activity, and the CIBSE guide states that the there should 
be no significant Increase In dissatisfaction so long as the actual temperature is within +/- 1.5 
OC of the value of resultant temperature chosen to represent comfort conditions. The CIBSE 
resultant temperatures required for comfort conditions In schools are given In DN17(DES 1981b). The 
Seri-Res Output Is therefore reasonably close to the CIBSE defined resultant temperatures(Figure 
4.2). 
4.10 If the zone environmental temperature does not exceed the optima comfort temperature, all 
gains are useful. In calculating the useful gain, casual gains take precedence over solar gain, 
and the sum of the casual and solar gains Is defined as the useful loss. However If the : one 
temperature Is excessive, the gains causing this are not useful, and useful loss Is calculated as 
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the difference between the actual loss and an estimate of the portion of the loss, which results 
from the excessive zone temperature. The "unuseful" portion of the actual loss is taken to be: 
Qunu = (To,, - 210C) x UA for Ten, > 2 10 C 




where UA represents the total conductance from the zone to ambient, ground and unoccupied bAffer 
zones. The assumed optimum comfort temperature value may be changed by editing the data statement 
In the 'loads" program, and recompiling the fortran computer code. The useful loss calculation 
of Seri-Res is an attempt to provide some indication of the thermal benefits of solar gain in a 
building. 
TasP. 
4.11 The Tas dynamic thermal analysis software was developed at Cranfield, then by Amazon 
Computers, and later by Environmental Design Services Litited(EDSL), who continue to market and 
develop the software. TasO uses a response factor method of calculation, and treats the radiative 
and convective components of beat transfer separately, unlike Seri-Res, which uses a combined 
parazeter for these processes for speed of calculation. 
4.12 There was no facility to model daylight within the version of TasP available for this 
study. Because TasO Is a commercial product, the code was not available for examination, and 
independent validation was not available. Use of this model was therefore restricted to one aspect 
of the evaluation of the performance of the notional class-base, since TasO was considered more 
appropriate for that particular application. 
Daylight. 
4.13 The program used was produced by Ian Frame and Sheila Birch of the construction systems 
development group of Anglia Polytechnic. Version 4.1 for IBM PC compatible computers calculates 
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daylight factors for a CIE overcast sky as follows: 
(i) The sky component for a vertical glazed window is given by: (Hopkinson et al 1966. p66) 
SC 3 cosy) + --L sin-' (sin ý siny) 14 7 -x 
L (sin2 y sin4ýj x 100 percent. 7n 
[4.71 
where 
y. = angles of elevation above thehorizontal. 
with 0, oýj = azimuth angles. 
The resultant sky component Is multiplied by a transmission factor, T, obtained by 
Interpolating between values given for gla: ing under a CIE sky. (Littlefair 1982) 
The externally reflected cozponent is taken as one fifth of the equivalent sky cozponent, 
and the internally reflected cotponent is based on the formula published in BRS Digest no 
42. (BRS 1964) 
14.8] 
AV XRC =0-85-X (CRf,, +5 Rc. ) A (I - Ra, ) 
The reflectance of any window area Is taken to be o. 1, and the coefficient C Is obtained 
by interpolating between the values of table 1 in BRS digest no 42 which Is Incorporated 
in the software. 
Calctilux. 
4.14 This software package was produced by Philips Lighting Division. The Indoor lighting 
mMule version 2.0 allows the dimensions and particulars of a room to be entered, Includes a data 
base of the manufacturer's light fittings, and calculates the energy consumption per square vetre 
of the room from the specified light fittings. The software also calculates the light output from 
the fittings. 
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5.0 PREVIOUS WORK. 
Energy conservation requirements: school buildings. 
5.1 Following the report on solar heat and overheating(DOE 1975), the work of the Building 
Research Station on daylight(BRS 1964), and condensation (BRS 1972), the introduction of building 
regulations of 1976 for other buildings(DOE 1976), and the building bulletins on lighting, 
acoustics, and energy conservation in education buildings(DES 1967,1975,1977a), the guidelines on 
environmental design and fuel conservation of the department of Education and Science(DES 1979), 
were Issued and subsequently updated (DES 1981b). The 1981 guidelines covered acoustics, lighting, 
the thermal environment, including ventilation and energy conservation. The main requirements 
concerning the thermal environment were summarised as follows: 
In dayt me, daylight should be the main source of light in working areas except in special 
circumstances, and every teaching space should have a window area of at least 20 per cent 
of the Internal elevation of the external wall, through which an adequate view out can be 
obtained. 
The lowest level of maintained Illumination, whether daylight or electric light# at any 
point on the working plane should not be less than 150 lux, and where florescent lighting 
is used the general level of illumination should not be less than 300 lux. 
The glare Index(Anon 1977) for electric lighting should not be more than 19 in teaching 
spaces, and due regard should be paid to the control of glare from daylight. 
In the design of lighting, regard should also be paid to the need to conserve energy. 
(V) During hours of occupation, the beating system should be capable of heating a minimum of 
10 cubic metres of fresh air per person per hour for the resultant temperatures required 
at a height of 0.5 metres above floor level, when the external temperature is -1P C. 
The required resultant temperatures are 219c for areas, where the occupants are lightly 
clad and inactive (eg Medical Inspection rooms), 180c in areas where there is an average 
level of clothing and activity (eg classrooms) j 159C in dormitories, and 141c 
in areas 
where the occupants are lightly clad and activity is vigorous(eg gynasia). 
The temperature In circulation spaces should be not more than 30 C below the temperature 
of the spaces they serve. 
(vIII) Ill working areas, halls, sick rooms, and dormitories should be capable of being ventilated 
at a minimum rate of 30 cubic metres of fresh air per hour for each person normally 
occupying these areas, or at such higher rates as may be necessary to maintain comfort 
conditions. 
Adequate measures should be taken to prevent condensation In, and to remove noxious fumes 
from every kitchen and other room In which there may be steam or fumes. 
All lavatory accommodation, changing areas and cloakrooms In which adequate cross 
ventilation to give at least six air changes per hour cannot be achieved by natural means 
36 
should be mechanically ventilated. 
(xi) In the design of the thermal environment due regard should be paid to the need to conserve 
energy. 
(Xli) In the heating season, any swing in temperature was to be within 29C of the required 
temperature, and during the summer, the resultant temperature for all spaces should be 
23t, with a swing of not core than 40C about the optimum. It was undesirable for Internal 
temperatures to exceed 270C, but an excess for ten days during the sutler was considered 
a reasonable predictive risk. 
(xiii) Innual energy consumption targets, in primary energy units, were to be achieved by all 
new school building designs. 
A procedure was included, which required applicants for new, or major extensions to existing, 
schools to submit steady state design calculations giving the energy value of the proposed 
building. This was to be calculated from the algebraic sum of fabric and ventilation losses, 
internal gains, hot water and space heating consumption, excluding kitchen loads or other process 
loads (kilns etc. ). The result was expressed in Watts per square metre of floor area, and 
converted to primary energy units using the fuel factors listed. No allowance was made for solar 
gains, and the DN17 method was therefore weighted in faTour of deep planned, low aspect ratio 
design solutions. 
Passive solar. 
5.2 The Building Design Partnersbip(BDP) produced a report on passive solar design In non- 
domestic buildings(Dincan & Hawkes 1983). The report Included some case studies of UK schools, 
indicating the limited Information available at that time: 
St George's School, Wallasey(knon 1966), In which the 1960-69 estimated heating sources 
were 501 solar, 341 incandescent ligbting, and 161 gains from pupils; 
Roach Vale Primary school, Colchester Essei(Kasabov 1979), which bad four air to air beat 
pumps, one of which used air, pre-heated by solar energy from an Internal courtyard covered 
by a translucent roof, and was operating more efficiently than the others; 
(111) Tendring Bigh School, Walton, Essex(Kasabov 1979), In an extension to which, the air from 
classrooms enters a solarium at roof level, where It Is heated by solar energy, and passed 
through two beat pumps to supply wars fresh air via the ceiling voids to the classrooms; 
(IT) st john's Primary School, Clacton, Essex(Hawkes & Owers 1982), at which conservatories and 
solar walls were used to supply warmed air, but the principal heating was by beat pump, - 
(V) Frogiore Secondary School, Hampshlre(Kasabov 1979), bad an extension, which was designed 
to control direct gain In summer by shading the glaflng, and reduce beat loss In winter 
by using shutters during the day and night to reduce the amount of glaflng exposed to 
ambient; 
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(vi) Yatley Primary ýcbool ' Hampshire(knon 1981,1983), in which the classroom windows face South, and receive direct gain during the winter months, and roof-lights are located along 
the ridge to improve daylight availability, and reduce the dependence on electric lighting 
(from 60-701 of the occupied time to 301). The classroom block was separated from the 
Hall/ music block by a glazed atrium buffer space(described as a conservatory), which was 
expected to be usable for 60-701 of the school year. 
Netley Abbey Infants School,, Hampshire, which was designed with a continuous South-facinq 
conservatory to accommodate the practical areas and provide pre-heating of incoming fresh 
air In winter and stack-effect ventilation in summer. 
Their analysis of primary energy use for the non-domestic buildings sector indicated that, electric 
lighting in schools in 1976 was 21.751 of the heating energy for schools, compared with 40.81 for 
all non-domestic buildings. They also used the age related categorisation of school buildings(DES 
1977b) to assess the passive solar heating contributions of the existing school buildings, and the 
potential for improved thermal performance. They concluded that, in the existing building stock, 
sulti-residential buildings and schools seen to bold particular potential for energy savings from 
passive space heating. The report noted that due to the present lack of passive design experience 
In the non-domestic sector, It was difficult to draw firm conclusions as to which passive design 
systems hold the greatest potential for each building type, however the potential for atria and 
conservatories to contribute to the beating, ventilation, and lighting demands of a number of 
building types was mentioned. The report identified possible barriers to passive design from: 
technical; economic; environmental, and Institutional considerations, which required further 
Investigation, and recommended that both the Government and the professional Institutions light 
need to take a lead to help overcome them. 
5.3 Hunt published a paper on the probability of the use of artificial lighting in relation 
to daylight levels and occupancy(Hunt 1979), and proposed that the probability of people switching 
on electric lights In the day-tive was most closely related to the minimum working plane 
Illuminance, and almost as closely related to the perceived average daylight factor. This 
empirically derived probability Is Incorporated in an algorithm used in the Seri-Res version 
1.2(Haves 1987)to determine the switching probability, whenever the manual switching option for 
electric lighting Is selected. However Hunt(1979) also found that the cycle of occupancy of 
multiply-occupled spaces, such as large offices and school classrooms, determined the pattern of 
lighting use throughout the day. In continuously occupied spaces, such as large offices, switching 
was generally confined to the beginning and end of the normal working day, whereas in 
Intermittently used spaces, such as classrooms, switching occurred throughout the day, which 
produced markedly different lighting use profiles. Thus the Seri-Res manual switching option would 
be Inappropriate and unsuitable for use In evaluating the use of electric lighting in schools. 
5.4 A survey was undertaken by Cooper & Crisp(1984) to identify whether UK designers were 
attempting to use daylight as a means of reducing fuel consumption In office buildings. It was 
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limited to fourteen architects and twelve engineers whose buildings had won an award of the British 
Institute of Administrative Management(BIAM), between 1978 and 1981. 
Table 5.1 DISADVANTAGES & ADVANTAGES ASCRIBED TO DAYLIGHT. (Cooper & Crisp 1984) 
Disad van tages mentioned Frequency of 
mention. 
Advantages mentioned Frequency of 
mention. 
Problems from solar gain or direct 15 Psychological or emotional 12 
insolation. benefits arising frox contact with 
outside. 
Problems arising from glare. 14 
Variability of intensity of 7 
variability of intensity of 9 daylight. 
daylight. 
xeed for controls or shading. 6 Quality of daylight/ satisfaction 6 
of building occupants' preferences 
for daylight. 
Beat loss through windows/ cost 5 
implications in terms of Directionality & modelling effect/ 5 
construction or energy free nature of resource. 
consumption. 
Lack of control over daylight. 4 
Reduction in energy consumption. 4 
constricting effect on possible 3 
form of buildings/ down draught Xo advantages stated. 3 
due to large glazed areas. 
inadequate penetration of 2 
daylight. Incidence of sunlight. 2 
Risk of condensation/ problems 1 
relating to obstruction. Intensity of illahation/ passive 1 
heat gain in winter. 
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The report listed the advantages and disadvantages ascribed to daylight(Table 5.1), and also 
identified, from the interviews conducted, that there was a lack of credibility that the 
exploitation of daylight could be significant in terms of energy use in non-domestic buildings in 
the UK, and a lack of information and simple design aids to enable designers to address this issue. 
The BRE issued a digest on energy conservation in electric lighting(BRE 1979) to ask designers to 
consider ways of reducing the consumption of lighting installations in buildings, by planning to 
optimise the use of energy for lighting. The digest concentrated on the need to choose lamps which 
were energy efficient, reduce the use of electric lighting by sensible controls, and use task 
lighting were appropriate. 
5.5 From the mid 19701s, the Commission Of European Communities undertook research and 
development work on solar energy In buildings. These programmes were primarily concerned. with 
solar collectors in active water, space beating and storage systems. In 1984 the first European 
Communities conference on solar heating was held in Amsterdam(oulden 1984). During the early 
19801s, architects were very interested in the idea of using large glazed spaces in their 
buildings, and In 1983 the architect's journal published a series of articles on atria and 
conservatories. The first(Hawkes 1993) explained the principles of an atrium, and analysed the 
atrium of Yatley primary school. The second(Baker 1983a) described the Locksheath school, the 
conservatory of which was regarded as Important, both spatially and as a solar energy system. The 
third article(Baker 1983b) described the advantages and physical characteristics of atrium spaces, 
and their winter and summer use. The following year, Gordon Nelson wrote an article(Nelson 1984)1 
which described three Hampshire school designs, which Incorporated sun-spaces: 
(I) Crestwood secondary school, Eastleigh, with a glazed, curved street, providing a dry 
circulation route between the two halves of the accommodation; 
(11) Yatley primary school with an atria used as a sheltered buffer space, and for exhibitions, 
and 
(111). Netley Abbey Infants school, with a conservatory designed to provide pre-heated ventilation 
air, and save energy. 
In 1995, a British Standard code of practice BSI 8207 was Issued for energy efficiency in 
buildings(BSI 1995a). The code drew attention to the need to consider energy requirements at the 
conceptual stage of design, and was based on a check list linked to the plan of work of the Royal 
Institute of British architects. The code did not recommend any particular method of calculation, 
and an associated design guide was published(BSI 1985b), which provided worked examples on the 
application of the code to the early design stages of eight case studies. One of these was a 
small primary school, and the method of assessment used was design note 17(DES 1981b). The 
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procedure called for a method of estimating an energy requirement, as part of the analysis of the 
brief, for use as a design target and that design ideas or options should be assessed in terms of 
energy loads, and cost-effectiveness. 
5.6 The UK branch of the International Solar Energy Society held a conference in 1985 on 
aspects of the thermal behaviour of greenhouses and conservatories. A paper was presented on the 
thermal design of conservatories for ventilation pre-heating(Baker 1995), identifying three main 
types of passive solar systems: conservatory; direct gain, and Trombe wall. The paper predicted 
diminishing benefits from two modes of obtaining useful heat from conservatories in that: 
the traditional buffer effect of a conservatory, would reduce as buildings become better 
insulated; 
the transfer of useful solar gains by natural convective or fan assisted circulation to 
adjacent accommodation, since studies in the UK had shown that, air temperatures in 
conservatories were only infrequently above the temperature of adjoining rooms during the 
heating season, and examined the effectiveness of using conservatories to provide solar 
ventilation pre-heating(SVP) of fresh air to the adjoining spaces. 
A computer model was used to simulate the air flow in a three bed-roomed sed-detached house. The 
conclusions reached were that: 
(a) wind driven ventilation results in a wide variation of ventilation rate and airflow 
direction, and the best strategy is to shelter the building and allow for ventilation by 
a natural buoyancy stack effect; 
(b) sW is likely to be the main mechanist by which a conservatory saves energy, at least In 
a well insulated building; 
(c) the sVP contribution can be maximised by careful control of air permeability and factors 
Including sheltering, built form, and the beating system design and controls, and 
(d) further simulation work, using a more powerful thermal/air flow model Is needed to assess 
the conclusions more thoroughly. 
The second UK-ISES conference was held at Cranf feld In 1986, and a paper was presented on Aria and 
conservatories (Baker 1986), which reported sample air temperatures for a week In February and In 
June, recorded at the unheated atrium building of Cambridge Consultants, to demonstrate that: the 
higher than ambient temperatures In the atrium will reduce conduction heat loss fros the main 
accommodation In winter, and could offer the possibility of pre-beating air for ventilation 
purposes; whereas the saximuz atrium temperatures during the June week were only three degrees 
above the gaximus recorded ambient temperature, which Indicated that overheating of the atrium 
could be controlled by shading and ventilation, and, If the floor and wall surfaces of the atrium 
were aassive, night 'ventilation from stack effect, could be used to reduce the day-time 
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environmental temperature of an atrium. The conclusions were that the energy performance of heated 
or unheated glazed spaces depends upon factors including area, shape, relative insulation values 
of glazing and walls, occupancy patterns and heat emitters. With regard to unheated atria, these 
could Increase the energy use In lighting and mechanical ventilation of the adjacent building, and 
the atrium Is likely to perform mainly by reducing the conductive losses from surrounding walls, 
whereas the conservatory has the potential for major energy saving by SVP mechanism. 
5.7 By the mid 1980's there was considerable interest in climate sensitive architecture, but 
a shortage of Information available in a form suitable for design teats to use. The tuopean 
Communities passive solar programme was underway, and a preliminary edition of a designers handbook 
was published to provide advice on passive solar architecture (Achard & Gicquel 1986). This 
provided a brief account of passive solar design principles, a review of fundamental aspects of 
beat transfer, climate, solar position calculations, and thermal comfort. Section five dealt with 
passive solar design strategies and surveyed the tools available for shading calculations, 
daylight, and thermal calculations, using manual and computer methods. The methodology presented 
for calculating the availability of daylight in buildings was limited to the use of BRE daylight 
factors. Twenty-six computer thermal simulation programs were reviewed, with a listing of the main 
features available, either for use on main-frame or personal computers. Twelve of these were 
considered suitable for passive solar applications, of which only seven were readily available. 
Those Identified as available, good, and easy to use were: ESP, DOE2, and SUNCODE. (In this review 
Seri-Res was described as Suncode). Seventeen illustrated building case studies were provided and 
dealt mainly with domestic applications. 
5.8 An International conference on energy and the built form was held In 1986 at Cambridge. 
A paper was presented on glazed courts, or atria as a low energy city building form(Hawkes & Baker 
1986). The authors presented the case that: 
such spaces, by making maximum use of dayliqbt, natural ventilation in summer, and a 
compact form with the benefit of solar gains, can provide a high quality working 
environment In the British climate at considerable energy savings when compared with air 
conditioned offices. 
gia: ed arcades and shopping centres, provide a sheltered, traffic free, environment for 
commercial use with social and financial benefits, and can also reduce the energy 
consumption of adjacent buildings. 
From their analysis of a competition design for a three and four storey urban commercial 
development with Intervening space, and using a simple steady state thermal model, they concluded 
that the space heating load for the development could be reduced by 221, simply by glazing over the 
42 
open space, and an overall reduction of 351 was possible if the resultant atrium was used to pre- 
beat the ventilation air to the rooms facing the arcade. They also warned that most atria, many 
of which are heated, cooled, mechanically ventilated, and occasionally lit by electric lighting 
during daylight hours, consuie more energy than they save. 
5.9 The Watt committee published a report on passive solar energy in buildings (O'Sullivan 
19s8). This report included an article on the use of passive solar energy in schools(Curtis 198s), 
which was substantially based on extracts of the earlier BDP report(Mcan & Hawkes 1983). The 
watt committee report concluded that, since central government bad, for the first half of the 
century, promoted school sites and buildings with southerly aspects, there was great potential for 
the use of passive solar energy in school buildings, particularly through the use of better control 
of electric lighting, and the increased use of daylight. The report noted that conservatories added 
to a south face of a low insulated wall can provide extra amenity, as well as an overall reduction 
in energy use, but are rarely justifiable in their own right, and that an atrium provides a most 
attractive Increase in amenity, for minim energy use. No evidence was cited for these assessments 
of the worth of such passive solar features. The report lists ten examples of passive solar 
schools, which were considered of Interest They included examples of schools with solar collector 
walls, conservatories, and atria. There was insufficient monitored Information about the thermal 
performance, and the report concluded that to realise the potential identif led (Duncan & Rawkes 
1983), technical barriers need to be overcome, and design tools and performance data provided to 
design teals, who must be made aware of design concepts Involved, and provided with information on 
cost benefits and successful examples. 
5.10 in 1988, the BRE published a report on daylighting as a passive solar option(Crisp et al 
1988), which Included an assessment of the visual consequences of the passive solar design of St 
C, eorgels school, Wallasey, which was critical of the amount of glare evident from the very large 
areas of glazing of this design. overall, however the report concluded that there was clear 
evidence of the attractiveness for reducing energy consumption, and achieving cost benefits from 
exploiting daylight In a range of non-domestic premises. The report recommended that the lighting 
code(CIBSE 1984)1 window design gulde(CIBSE 1987), design note 17(DES 1981b), building 
requlatIORS(DOE 1995), and British standard 8207(BSI 1995a) should be reviewed for possible 
amendment in terms of technical content and the underlying assumptions, which say inhibit the 
exploitation and beneficial effect of daylight 
In building design solutions. 
5.11 in unpublished report was prepared by the Department of Applied Energy at Cranf leld 
university (Hobday 6 Norton 1989), based on the survey of schools In the United Kingdos(UK) carried 
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out to identify the extent to which passive solar schools had been provided. This identified 27 
existing and 5 proposed school buildings, which were considered to be primarily passive solar, 6 
with some passive solar features, and 9 which were not passive solar, but merited comment. 
5.12 During the 1990's the research programmes of the European Communities were changed to 
reflect the growing Interest In bloclizatic, and passive solar architecture applications. By the 
end of the decade, $51 of the 1989 research programme on solar beating was allocated to passive 
solar research and technology. Working in the City was the title of an architectural competition, 
promoted to encourage and attract the Interest of designers in passive solar design solutions - It 
emphasised the need for climate sensitive designs, and daylight in passive solar architecture, 
particularly In working environments, and teaching spaces. The competition was educational, 
because entrants were Issued with an Info rma tion pack, which included stereographic suncharts, a 
daylight factor meter kit for self assembly, and background Information on daylighting design, and 
related thermal performance. IL means of evaluating thIs(LT method) was explained, and illustrated. 
This was a significant Improvement on the previously available advice and procedures for evaluating 
daylight design. There were 186 entries for the competition. Details of the competition and 
results were published (O'Toole & Lewis 1990). 
5.13 Two papers on daylight as part of a low energy strategy were presented at the CIBSE 
national lighting conference in 1990. One described the design for a competition for a 
speculative commercial building capable of being used for display, office, research, production or 
storage(Venning 1990). The design solution featured north-lights and a calculated average 
daylight factor of 5.61, and the electric lighting installation was designed and controlled to take 
account of daylight distribution. The theoretical study was based on a weekday occupancy period 
9 an to 6 pm, and 2500 hours per annuz. Projected savings of 411 In energy costs were estimated 
using daylight modelling and thermal simulation studies, compared to a building complying with the 
CIBSE energy code part 2A. The cost of the lighting control Installation had an estimated payback 
period of 1.4 years. The design solution was accepted and built, however the problem of how the 
building will be used was unresolved. The other described the use of the Anglia polytechnic 
Daylight program, and Seri-Res to evaluate the daylight and thermal performance of a well Insulated 
and double glazed study centre at Xacbynlleth, In Wales(wilson et al 1990). The glazing area of the 
Initial design solution was varied by +201 and +401. The minimum and average daylight factors were 
calculated for different grid sizes, demonstrating that, as expected, the minimum daylight factor 
Increases with fewer grid points. A test reference year weather file(Anon 1985a) was used without 
any assessment of Its relevance to the location of the proposed building. Thermal simulations were 
carried out for a range of glazing specifications and daylight factors. The conclusions were that 
44 
the initial design was not over-glazed, most daylight benefits were achieved from daylight factors 
of between 21 and 41, and there was some small improvement possible from an increase of glazed 
areas, but the scope for savings was small. 
5.14 Databulld(hon 1991) produced a report containing an overview summary of 49 case studies 
of passive and hybrid solar commercial buildings from twelve countries, which included an Interim 
report on Netley Abbey school, based on the monitoring results of the Energy Monitoring Company, 
and collaboration with the original energy advisor for the design. The building was occupied In 
September 1984. There were problems during the first heating season attributed to both the building 
systems and monitoring arrangements. By the start of the second heating season the monitoring 
difficulties bad been resolved, but energy performance in 1985-86 was reportedly worse than 
expected, and considerable difficulties were experienced in the use and function of control 
systems. By the third heating season during 1996-87, the systems problems were resolved, 
and the databuild report concluded that the: 
systems commissioning and control design were Initially unsatisfactory, and occupants were 
dissatisfied with conditions during the first two years of occupation; 
third year fuel bills were below comparable schools built at this time by Hampshire county 
council, but more attention should have been paid to reducing electricity loads, both by 
better fan and pump controls, and better daylighting, and 
The use of the unheated conservatory had proved satisfactory. 
The final report produced by Databuild(Robday et al 1992), concluded that the Netley school was 
less expensive to build than a typical non-solar school, benef itted from the buffering and solar 
gains obtained from the conservatory, was efficient In the use of energy, with an excellent energy 
performance, but the stack-effect strategy for ventilation of the school did not achieve 
satisfactory levels of air quality, and the winter ventilation using pre-beated air as fresh air 
was not entirely satisfactory. Tests had supported the occupants' unfavourable view of the air 
quality within classrooms. The report noted that the occupants' would have preferred windows, which 
opened to the exterior of the building. An energy data analysis by the Energy Monitoring Company 
is included, Indicating that the annual energy consumption per square Netre of gross floor 
are,, (Gri) was 87 M. This would convert to 183 kWh 1,2 Primary Energy Units(PEU), using the DN17 
fuel conversion factors, and although the school has a gross floor area of 1035 &2, only $35 12 is 
1KA me w ul be heated - The equivalent 
annual energy consumption figures per square tre of heated area od 
227 kWh PEU- Databuild also produced a report for a seminar on passive and hybrid solar commercial 
buildlngs(Seager 1991), which contained a summary report of the energy monitoring of Looe Junior 
and Infants school 
in Cornwall by the Welsh School of Architecture (Alexander et al 1991). 
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Su = rtive overheating was a perceived problem, although the physical monitoring did not support 
this. Poor air quality was a major concern of the staff , and infiltration tests 
indicated an 
Infiltration rate of 0.25 ac/h. The design of windows did not permit any improved controllable 
rate of Infiltration, when the weather was unsuitable for opening the windows. A Trombe bench was 
installed, but was unsuccessful. There were also staff complaints of insufficient daylight in the 
classrooms, and the measurements indicated that the average daylight factor at desk height was less 
than 21. Overall, the staff were complimentary about the school design, and working conditions. 
The energy performance assessment (Alexander et al 1990) showed that: the energy consumption of the 
school was 210 Wh m"2 PEUs; overnight infiltration was very low, typically 0.2-0.4 air changes per 
hour, and the Trombe bench was not really effective In either storing solar energy to reduce peak 
solar gains and temperatures, or as an energy source, warming and circulating internal air. 
5.15 1 more up to date version of the Passive Solar bandbook of the European Economic 
Communities was published (Goulding et al eds 1992) to help designers, who are involved in creating 
the built environment, to adopt environmentally sensitive design strategies, heighten the general 
awareness of climate, and use available design tools and technologies. The section on daylighting 
design Included the design tools developed and used In the Working In the city competition. 
5.16 The comment and references associated with the case studies considered in this study, are 
Included In the proposed building bulletin on passive solar schools in the UK. A list together with 
some sample case studies and associated references Is Included as appendix E. 
Sdml fuel costs, energy use# and C02 missions. 
5.17 The Department of Education and Science Issued a Broadsheet no 29 (DES 1992) on energy use 
In educational buildings. This showed that the overall expenditure on energy declined from about 
2.9 per cent of the total expenditure on education In England In 1980/91 to 1.75 per cent In 
1999/90. In LEA schools the expenditure on oil, coal, gas and electricity was E450 111110n In 
1980/81, and E323 million In 1989/90, which represents a saying on fuel purchasing of about 28 per 
cent. Thermal energy costs represented around sixty per cent of the total energy costs in 
education buildings, and over this period the thermal energy costs reduced from E303 million to 
L186 million. This represents a saying of expenditure on thermal energy of approximately thirty 
nine per cent over the ten year period. It Is better than the overall saying, and reflects: 
the effectiveness of energy thrift measures taken during the period to Improve draught 
stripping, Insulation, boilers and controls, 
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the switch from oil to gas, which has generally been cheaper throughout the period, giving 
gas an increased market share frox 371 to 541, and reduced oil prices in the latter part 
of the period, and 
(iii) reductions due to school reorganisation and closures from falling school rolls. 
Annual thermal energy costs per pupil during 1991/92 was E25.70, but It Is more significant in 
terms of energy use to consider the consumption of fuel. During the decade a reduction In total 
energy consumption amounted to only eight per cent In Giga-joules, suggesting that only about one 
third of the financial savings on fuel use are attributable to the more efficient use of energy. 
5.17 The relatively small reduction of eight per cent in overall energy consumption was 
important. It was assessed as representing a fourteen per cent decrease In total annual emissions 
of cý, from an estimated 6.4 million tonnes In 1980/81 to 5.5 zillion tonnes in 1989/90, when the 
changes from coal and oil to gas was taken Into account. Although electricity consumption 
represents only 12.61 of the use. of fuel by LU's,, in financial terms It represents 421 of LEA 
expaditure on fuel. The results of the DES analysis show that electricity consumption increased 
In real terms during the decade from 9.10 of fuel use In 1980/81 to 12.61 by the end of the 
decade, regardless of the reduction In school places which had occurred. The annual electric 
energy costs per pupil were U9.00 In 1990/91. The DES concluded that there Is still considerable 
scope for energy savings in schools, and that efforts should be directed towards better 
housekeeping, improvements to building fabric, removal of surplus places, particularly HoRsA 
buildings and temporary classrooms, and reducing the use of electrical energy. 
seri-les. 
5.18 The Seri-Res model has been used for both Inter-model, and empirical comparlsons(judkof f 
198S) in which the energy use predictions of seri-Res and ESP both matched the measured energy use, 
and there Is considerable evidence supporting the validity of the model, since the algorithms are 
available for examination. In a 
joint SERC-BRE 'validation, Seri-Res predictions were in the Bid 
range Of the models tested including ESP, Blast, and DOE-21. (Bloomfield 1"0) No Internal errors 
were detected in Seri-Res In a three level validation procedure of Lomas, and It was deemed to be 
validated at level 2. (Low 1991) The Energy Monitoring Company reported on a number of 
calibration studies appropriate to the use of Seri-Res. Three of particular 
Interest, related to 
work carried out using the ETSU test cell facility at the Cranfleld campus, to assess the: 
way Incoming solar radiation Is distributed between the elements of a room, compared to 
the default distribution In the Seri-Res model. (EMoD 1990a); 
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Influence of window size and room colour on the fraction of incoming solar radiation 
reflected back out of a room, in order to quantify the solar lost parameter of Seri-Res 
(EMCo 1990b), and 
accuracy of predictions of building performance made by the Seri-Res model compared to test 
cell measured performance. (EXCo 1991) 
1 
Table 5.2 SOLAR-LOST VALUES: MEASUREXENT & SERI-RES USERS ESTIKATES. (EXCO 1990a) 
XEASURD 
I 
SERI-RES USERS ESTIMATES OF SOLAR-LOST. 
ROOK SOLAR-LOST CAP PCL BRE 
All White interior surfaces and 311 51 51 101 51 
Large window 
All White interior surfaces and 161 5% 51 51 21 
Stall window 
White surfaces plus black floor 171 41 51 51 41 
Large window 
White surfaces plus Black floor 51 91 51 51 21 
Stall window 
m CAP Cap Scientific. (Roger Jazes), BRE = Building Research Establishment. (David Blootfield) 
PM Polytechnic of Central 14ndon. (Paul Ruyssevelt) 
They found that the default distribution of solar radiation within Seri-Res Is adequate for rooms 
with Internal finishes of uniformly light Internal finishes, but may be seriously in error for non- 
uniform f InIshes. They also found that solar lost varies considerably with window size and 
internal finishes, and that the values computed from the test cell measurements were such higher 
than those used by current practitioners using Seri-Res as Indicated in table 5.2. The comparison 
of the measured performance of the test cell and that simulated by the Seri-Res model demonstrated 
that, the model predicts the performance of unheated rooms well. However, when auxiliary beat was 
Introduced to the test cell, prediction errors occurred. They attributed this error to the 
dynamics of the beating system used, and the interaction between the heat source and the room air 
and surfaces, In a somewhat unrealistic room size. 
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6.0 THE TWO SCHOOLS WITH CENTRAL ATRIA. 
6.1 Six school buildings had previously been selected by a steering committee of the Departzent 
for Education & Sclence(DES) for monitoring and analysis to assess the use of energy during a 
monitoring period. (Harris 1991) Two of these were first schools, each with a central atrium used 
for teaching purposes. One atrium was heated and the other unheated. The Book school bad been 
remodelled from an earlier Scola system-built school(of which there are many examples In 
existence), and the Barnes Farm school was purpose built, using traditional construction methods. 
The DES were particularly interested in an assessment of the all-year round thermal performance of 
the design of both schools, using a method which could assess the useful solar contribution to 
space heating and thermal comfort, the risk of overheating, and forecast the probable use of 
electric light, based on the availability of daylight. They were to be assessed in the present 
study,, using the Seri-Res dynamic thermal model, and a weather year of Kew data, because the 
earlier monitoring period had been reduced to several months in which there was no winter weather 
data,, and covered an unusual and prolonged wart spell. The original Intention of the method 
adopted for this stage of the investigation was to: 
Survey Barnes Farm school, to conf Ira the materials used, details of the services and 
controls Installed, and visit Book school to conf Ira that the plans available were as 
built, and use the equivalent, detailed Information, for Book school from an earlier 
study(Waterfield 1989); 
Analyse the data recorded at each school, to Identify anomalies, Inadequacies, or 
additional information or tests required; 
prepare weather files from the recorded data to represent conditions on each site during 
the monitoring period; 
(iv) obtain information on bow each school was actually used throughout the school year In which 
the monitoring occured. 
compile building descriptions files for both schools from Information supplied, and the 
working drawings available, and calibrate the performance of the coxputer model by 
comparing predicted and measured fuel consumption and zone temperatures, In the atrium and 
adjoining class-bases, and where possible, Identify the possible causes of any major 
discrepancy; 
(VI) Use one year of Kew weather data, and computer simulations, to estimate the thermal 
performance of the schools, and compare the results with the DN17 guideline for annual 
energy consumption. 
6.2 Inforsation is presented on the: two schools buildings studied, and the associated 
monitoring schemes, with examples of the analysis and use of the performance data for the 
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Fiqure 6.3 Section at Hook. 
6.5 Barnes Farm scbool was of traditional construction, built to moderate insulation standards, 
witb load-bearing dense concrete block cavity walls, and was mainly single glazed, baving been 
built to a design incorporating the Atrium as a covered and ligbtly enclosed outdoor space. 
Plate 6.2 Barnes Farm. 
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Orientation: 
Figure 6.4 Block plan. 
1. Reception 2. Office 3. Staff 4. Hal 5. Classroom 6. Resource 7. Kitchen 8. Atrium 9. Lbrary area 
Figure 6.5 Plan. 
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Fiqure 6.3 Section at Hook. 
6.5 Barnes Farm school was of traditional construction, built to moderate insulation standards, 
with load-bearing dense concrete block cavity walls, and was mainly single glazed, having been 
built to a design incorporating the Atrium as a covered and lightly enclosed outdoor space. 
Plate 6.2 Barnes Farm. 
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Orientation: 
Figure 6.4 Block plan. 
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1. Reception 2. ()ffice 3. Staff 4. Hal 5. Classroom 6. Resource 7. Kitchen B. Atrium 9. Ldxary area 
Figure 6.5 Plan. 
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Figure 6.6 Section Barnes Farm school. 
6.6 The Junior school at Book is attached to the South East of the First school. The link 
with the Junior school provides Hall/Dining, Kitchen and Gymnasium accommodation, which is outside 
of the area monitored for this study. Barnes Farm school is self contained in this respect and 
detached, although there Is a separate Junior School building to the North West on the Barnes Farm 
school site. Fuel zetering available at both sites measures the combined fuel use of the Infant 
school studied and the adjacent Junior school in each case. Separate metering of the quantity of 
fuel used by either of the Infant schools was not available for this study under the reported 
monitoring scheme. 
TABLE 6.1 FENESTRATION AS A SURFACE AREA PERCENTAGE OF MONITORED SECTION. 
HOOK BAMS FARM 
QUING SUUACE TUB I WE 
External walls Double 26 
I 
Single 22 
Main Roof None Double 4 
Internal to atria Single 45 Single 41 
Atria roof I Double 
I 
62 Twin wall polycarbonate 76 7d 
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TABLE 6.2 VARIATION OF GLAZING AS A PERCENTAGE OF WALL AREA WITH ORIENTATION. 
HOOK AREA m2 BARNES FARK AREA 12 
NW 30.0 41.5 N 21.6 22.4 
NE 25.9 21.8 E 16.6 16.8 
SE - - S 33.1 34.3 
Sw 25.3 20.6 w 15.1 15.2 
--L---Jl 
6.7 Hook school was mainly double glazed to ambient, with single glazed openings between the 
heated atrium and the adjoining class-bases. Barnes Farm school was single glazed throughout, with 
the exception of the double-glazed class-base roof-lights, and the twin wall polycarbonate sheeting 
to the atrium roof - Inti-sun glass is used for the South facing glazing, and the atrium is 
unheated apart from some nominal beat 
input to the coat banging areas. Approximately one third of 
the total surface area of the atrium roof at the Hook school comprised an insulated metal roof 
deck, and the remaining surface area Is represented by patent double glazing, structural members 
and flashing, with the glazed area representing approximately 62 per cent of the surface 
'area of 
the atrium roof. A concrete beam, and associated flat roof, forms a shading device on either side 
of the pitched roof of the atrium at Barnes Farm, which 
Is glazed with twin walled polycarbonate 
sheets. The shading device represents about 24 per cent of 
the total surface area of the atrium 
roof at Barnes Farm school. 
6.8 The Barnes Part school made extensive use of the unheated atrium for teaching purposes for 
most of the whole school year. The 
heated atrium formed part of the statutory area of the school 
at Book, whereas the unheated atrium at Barnes Fan school was excluded 
from the statutory school 
area. The heated areas of the monitored sections of 
both schools included the atrium at Hook, and 
were of similar size. (Table 6.3) 
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Plate 6.3 Interior of the atrium at Hook school. 
Plate 6.4 interior of the atrium at Barnes Farm school. 
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TABLE 6.3 SIZE OF MONITORED SECTIONS 
ITEM HOOK BARNES FARM 
Areas: (i) total 676.3 m 840.2 m 
676.3 M2* 700.7 m2 
(ii)heated 
2 
Atrium: Area 132.0 m 139.5 m 
Width 5.5 E 6.2 1 
Length 24.0 in 22.5 2 
Mean Ht 4.5 a 2.89 in 
Max Ht 5.4 m 3.8 a 
Class-base: Depth(new) 7.2 - 9. Om 11.0 10 
Mean Ht(new) 3.3 m 3.55 in 
Depth (old) 7.2 - 9. Om N/A 
Mean Ht(old) 2.3 m NIA 
6.9 The original SCOLA mark III school at Hook was built in 1973. The oil fired boilers were 
converted to gas, when the school was remodelled and refurbished in 1988. The space heating was 
achieved using radiators, and 
that at Barnes Farm school was heated by gas fired boilers with a 
conventional wet radiator system. Although there was no provision for space heating in the Barnes 
Farm atrium, three small low level heating coils were provided under coat hanging positions in the 
atrium, for drying purposes 
in wet weather. The Hook atrium had small tOP-hUng, cord-operated 
opening lights in the atrium roof. 
The staff complained of overheating, that the few vents 
provided malfunctioned, were 
ineffective, and that their staff room, on the mezzanine level under 
the atrium roof, was unusable 
in warm weather. In contrast, the atrium at Barnes Farm was 
provided with a large, mechanically operated, continuous 
butterfly opening light to both sides of 
the ridge. This was Eotorised, and designed to be automatically controlled. Following 
installation, it had been modified to operate in manual mode only. This change resulted In the 
atrium overheating prior 
to the vents being opened manually, presumably because the shared atrium 
space was not the responsibility of an 
individual member of staff. However the staff reported 
that, whenever the vents were opened 
in overheated conditions, they were immediately effective. 
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6.10 Both schools were monitored under an earlier research project, (Harris 1991) with the 
Intention of observing the normal way in which the buildings were heated, vented and lit, and to 
record the weather during the monitored period. To achieve this, sensors and instruments were 
installed, and readings taken every five minutes. A data logger, manufactured by Delta-T Devices 
was used to store the hourly mean values in binary format. The data channels allocated are defined 
in the monitoring scheme. The first task of the present study was to write computer programs to 
access and analyse the data collected, for use with the computer models described. Some problems 
were encountered due to the limitations of the monitoring arrangements. 
The wnitoring schem. 
6.11 The wasurement scheme involved: 
Global and diffuse horizontal solar irradiance 
Ambient air temperature 
Internal mean radiant and air temperatures 
Status of doors and windows (open or shut) 
Surface temperatures of radiators & heating pipes 
The solarimeters used were manufactured by Casella, of Wolsley Road, Kempston, Bedfordshire, for 
the spectral range 0.3 to 3.0 pm. The response time was stated to be 17 seconds to 661 of the 
final reading, and the temperature dependence was +/- 10 C over the range -20P C to +50P C, and the 
cosine response was given as +/- 21 from normal to 70 degrees from normal. The thermocouples used 
were of copper-constantin type T, manufactured by Micron Sensors & Cables, of 89 Kirkwood load, 
Lewston Farm Estate, Luton. The repeatability claimed was +/- 0.250 C. 
6.12 The following Items-were not included in the monitoring scheme, and the diffuse irradiance 
measurements taken were unusable: 
Direct beam Irradiance 
hours of bright sunshine 
(III) Air movement 
(IV) Wind speed and direction 
(VI Dew point temperature 
(vi) relative humidity 
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Figure 6.7 Location of sensors at Book school. 
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In the following tables, 6.5-6.9, the abbreviation CR signifies classrooz. 
Table 6.4 Solarimeters 





34 Global horizontal Ridge of atrium roof 
35 Global horizontal Interior of atrium 
8 Diffuse horizontal Ridge of atrium 
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Table 6.5 Temperature sensors installed at Book school. 
TYPE ZONE CODE TYPE ZONE 
(height above floor) 
2 AIR CR 1 14 RAD CR 7 
3 RAD 15 AIR 
AIR CR 2 16 RAD ATRIUM 
5 RAD 17 AIR 
AIR CR 3 18 AIR ATRIUM (3.0 
7 RAD 19 AIR (3.5 m) 
AIR CR 4 20 AIR ARM (4.0 1) 
91 RAD 21 AIR (4.5 in) 
10 AIR CR 5 22 AIR ATRIUM (5.0 
11 RAD 
12 AIR CR 6 38 AIR AMBIENT 
13 R&D 
I 
KEY. AIR = dry bulb air taperature, and PAD = black globe temperature. 
6.13, The reed switches were manufactured by Radiospares Ltd, of LaEas Road, Corby. They had a 
2000 ohm resistor, and were configured to read as follows: 
Aperture closed for one hour, R0 ohms 
Aperture open for one hour, R 2000 ohms 
The number of minutes per hour when the aperture is open being given by 
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N= 60x R 
2000 
[6.1] 
The sensing was at intervals of 5 minutes, recorded as the lean for one hour. There was therefore 
no indication of how wide an opening was formed and for how long. This measurement was only able 
to give a general indication of the pattern of use. 
Table 6.6 Location of Reed switches installed at Hook school. 
Fm-m TYPE ZONE comfln TYPE ZONE 
23 Door External 
(Atria) 
28 Door External 
(Atria) 
24 CR 1 29 CR 5 
25 CR 2 30 CR 6 
26 CR 3 31 CR 7 









Figure 6.8 Plan of sensors installed at Barnes Farm school 
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Table 6.7 Solarimeters & light sensors installed at Barnes Fan school 
Clam TYPE LOCATION 
24 photo-electric detector CR 1 
25 global horizontal Atrium ridge external 
26 global horizontali Atrium internal 
39, diffuse horizontal Atrium ridge external 
...................... .. 
Table 6.8 Tempera6re sensors-installed at Barnes Farm school. 
CUM TYPE, ZONE, CHAML TYPE ZONE 
2 Air CR 1 13 Air Ambient 
3- "' Rad ' 1 14 . 
Air 
4 Air 
5 Air CR 2 15 Rad Atrium 
6 Rad 16 Air 
7 Air 17 Air 
8 Air- CR 3 18 Air Atrium 2.5 m 
9 Rad i ,II1 19 Air 3.0 a 
10 Air 20 Air 3.5 m 
11 Air Hall 21 Air Atrium 4.0 in 
12 Rad 722 Air 
4.5 m 
KEY: AIR = dry bulb air temperature. - 
RAD = black globe temperature. 
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Table 6.9 Reed switches installed at Barnes Farm school. 
CHANNEL TYPE ZONE CHANNEL TYPE ZONE 
CR 1 Hall 
27 door external 32 door internal 
28 internal 
CR 2 Atrium 
29 door internal 33 vent roof 
30 external 34 
CR 3 
31 door internal 
6.14 In order to assess the thermal performance of both schools using Seri-Res, and carry out 
some parametric analyses, it was necessary: firstly to amend the utility program of the logger used 
to read the measured data required for this study; secondly to prepare a weather file from the site 
data; thirdly to analyse some measurements, carry out tests, and a survey to determine Input 
parameters; fourthly to produce a building description file for each school, and then to calibrate 
the model by comparing the predicted, and measured performance. 
The Seri-Res weather files. 
6.15, The weather file was prepared for each school, using hourly insolation and temperature 
data, which had been recorded for several months at each school as part of the earlier monitoring 
stage of the project(Harris 1991). However, there were periods when the recording of the data 
collected at each location was not continuous. Table 6.10 shows how this problem was resolved for 
the Barnes Farm school, ie a pre-conditioning period was generated by repeating the first day of 
real data for the requisite number of 
days. Gaps were closed by using linking days, which repeated 
the last and first day of real data on either side of periods of actual data. The model was 
calibrated by comparing Seri-Res output 
to days when measured results were available. 
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TABLE 6.10 NUMBER OF PRE-CONDITIONING & LINKING DAYS NEEDED TO ENABLE MEASURED WEATHER DATA TO BE 
USED TO CALIBRATION OF THE MODEL OF BARNES FARM SCHOOL . 
PRE-CONDITION/LINKING DAYS REQUIRED MEASURED DATA AVAILABLE 
No of Inclusive dates No of Inclusive Dates 
Days Days 
25 19 Mar-12 Apr 32 13 Apr-14 May 
4 15 May-18 May 35 19 May-18 Jun 
5 19 Jun-23 Jun 27 24 Jun-20 Jul 
2 21 Jul-22 Jul 31 23 Jul-22 Aug 
9 23 Aug-30 Aug 32 31 Aug-01 Oct 
TOTALS 44 157 
6.16 Table 6.11 indicates the required format and parameters for a Seri-Res weather file. 
TABIX 6.11 SERI-M WEATHER FILE FORMAT. 





Ambient Dew Point Speed 
-2 .1 tenths of FJ3 h. tenths of Vi h. tenths of degree C tenths of degree C tenths of a9 
5 digits 5 digits 4 digits 4 digits 4 digits 
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6.17 The weather file for the school at Book was prepared in a similar way. The real data 
started on the 5th May and ended on the 6th September. The gaps occurring in the real data were 
fewer, but of considerably longer periods. (15 days and 43 days respectively) There were also 
problems with the type of meteorological data collected, because only the global horizontal 
Irradiance and ambient temperatures had been measured satisfactorily at each location, Instead of 
the five parameters required. To resolve this problem, it was decided to use: 
constant values of 3 metres per second for the wind speed, and, since latent load 
calculations were not required, 15 degrees celsius was used for the dew point temperature, 
and 
the correlation for Easthampstead in South-East England (Muneer I Saluja 1986) to 
determine the diffuse component of the measured global horizontal Irradiance. 
6.18 The procedure used to calculate the diffuse component of solar Irradiance was as follows: 
(1) solar Time was obtained from the expression: 
Solar time = Local standard time +4( Lst - Lloc) + Et [6.2] 
(Whillier 1965) 
where: Lst the standard meridian for the local time zone. 
Lý the longitude of the location In degrees West. 




"d = day of year, 1 <= o (= 365, Jan lst = 1. 





The angle of incidence for direct beam radiation on a horizontal surface was obtained from 
spherical geometry, which gives 
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cos0z = cos 6 cos 4ý cos ca + sin 6 sin 4ý 
[6.5] 
(IV) The length of a solar day in hours was deterzined(Duffey & Beckman 1980) by 
Nh = --L cos-1 tan, ý tan 
[6.6] 
15 
where 0. solar zeni th distance Z 
declination L 
latitude 
ca hour Z 
Extraterrestrial irradiance for the mid point of an hour period, corresponding to the 
empirical data collection, was determined from 





Extraterrestrial Irradiance for periods less than an hour period were given(Reddyl987). 
XO - 
12 x 3600 Xoc [I+0.033 cos ( 
360 n)Ix 
7c 365 
cos ý cos 8( sin w. - sin cal +2 
7c ( (02 - (al ) sinýsin8l 360 
[6.91 
where C')2 is the larger of the hour angles. 
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(Vii) The relationship between diffuse and global Irradiance for South-East England was 
calculated from(Muneer & Saluja 1986): 
Kt = -ýq- = 0.784 + 2.42 Kt + (-7.999 Kt2) + 5.11 Kt3 
[6.8] 
10 
For Kt > 0.2, where I, = global horizontal irradiance. 
Transitittance of twin-walled poycarbonate. 
6.19 The Barnes Farm school atrium was roofed in twin-walled polycarbonate sheeting, which was 
discoloured. The measured values of the internal and external solarimeters used to measure global 
horizontal irradiance were analysed to determine the solar lost component and the transmittance of 
the glazing material. Seri-Res does not permit the user to schedule the solar lost parameter by 
the hour. A mean daily value is therefore the best option. 
Figure 6.9 illustrates the result of the comparison of these observations. 
29- 
BRRHES FRRM SdHOOL RTRIUM ý 
Sundays Rpril, 16th to Rugust 20t incl. 
Daily Pkean trinsAissivitv i twid wall polycarbonito glazed roof 
19 divi 
figure 6.9 DAILY XUN PERCENTAGE OF EXTERNAL GLOBAL HORIZONTAL IRRADIANCE MEASURM BY INTERNAL 
INSTRUMEN. 
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6.20 This daily mean result was low, compared to the results listed in table 6.12 of hourly 
measurements for new polycarbonate sheeting at Woodbridge Cottage(EDG 1985). Arrangements were 
made to test the Instruments used at Barnes Farm school, but this did not solve the problem. The 
result may support the proposal on solar-lost(EMCo 1990b), however hourly readings were checked on 
a daily basis(Figure 6.10). 
Table 6.12 ESTIMATED TUNSKISSIVITY OF POLYCMWNATE GLAZED ROOF AT WOODBRIDGE CDTTAGE. (EDG 1985) 
THE (hr) FEB/MiR JUN/JUL 
11.00 771 761 
09.00 - 13.00 761 731 
07.00 - 15.00 691 641 
05.00 - 17.00 591 491 
3 
2 
ORRHES FARMI: SCHOOL RTRIUM 
Sunday JUIV1 36th I 
tv I twin wall polvcarbonate 
12.5 17.5 hrs 
figure 6.10 MAN HOURLY PERCENTAGE OF EXTERNAL GLOBAL HORIZONTAL IRRADIANCE XEASURED BY INTERNAL 
INSTRUMENT. 
6.21 Figure 6.11 shows the trace for a series of individual days, and reveals an intriguing 




BflRHES FRRM SCHPOL flTRIUM 
Sundays flpril Iýth to July 23rd:: incl. 
Transmissiyitv twin wall poly. barbonate 
lie ISO - 2W hrs of insolation 
Figure 6.11 MEAN HOURLY PERCENTAGE OF EXTERNAL GLOBAL HORIZONTAL IRRMIANCE XMUM BY INTERNAL 
INSTRUMENT. 
6.22 The effects of the structure of polycarbonate sheeting, which can give rise to: multiple 
internal reflection(Hollands et al 1978), affecting the transmittance and forward scattering of 
insolation (Burek et al 1989),, the variation of solar transmittance with angle of Incidence (Arthur 
& xorton 1990), and also the effect of outdoor aging(Rainhart & Schimmel 1975) were considered. 
Plate 6.5 PATTERN OF ALTERNATE DARK i LIGHT STRIPS FORMED BY INSOLATION AFTER PASSING THROUGH 
















I rzO. 79. 
A=1.259) 
0 10 20 30 40 so 60 70 80 
ANGLE OF INCIDENCE. (DEGREES) 
figure 6.12 VARIATION OF UN-SCATTERED BEAM TRANSMITTANCE WITH INCIDENCE ANGLE FOR 16 Ila TWIN- 
WALL POLYCARBONATE. (Burek et al 1989) 
The results and observations of Burek were particularly interesting (plate 6.3, and figure 6.12), 
however they did not explain fully the pattern of hourly results obtained for a sequence of days. 
(Figure 6.11) An'iispection and survey revealed that the internal instrument had been located in 
a position which was partly overshadowed by the adjoining roofs to the class-bases, and tore 
significantly by the structural meabers supporting the atriuz roof. (Figs 6.13 to 6.15) 







Figure 6.14 SWING OF INTERNAL SOLARIMETER BY SPARS AND TIES. 
pigure 6.15 SWING OF SOURIKETER BY RIDGE AND OPENING LIGHT XMERS AND GEARING. 
6.23 The solar aperture of the Internal instrument was calculated, from this survey Information, 
by determining the amount of the glass hemisphere of the instrumenti which would be Obscured by 
these obstructions. The procedure used was as follows: 
the shading from adjacent roofs was deterained by 
.Z ength 
of ar c on a50 mm gl ass hem! sPhere =2 7c rx tan Y 16.21 360 
where y= angul ar el eva t! on of obs tr uc ti on. 
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area of 50mmglass hemisphere 47rr =3927mm 2 [6.31 2 
similarly the angle of arc on a 50mm glass hemisphere was calculated for each of the relevant 
structural members, and the effect of overshadowing by different components could then be 
assessed. (Table 6.13) 
Table 6.13 OVMMWWING OF INTERNAL SOLARIMETER. 
percent of 
OBMUCTION area of shade cast sub-totals of areas solariaeter glass 
on glass of instrument of the shade surface area 
components shaded 
(m 12) (113) 
East roof 157 
West roof 150 
Atrium ridge 190 
Opening gear I frame 240 737 18.8 
Atrium roof ties 337 
Atrium roof spars 1401 1738 44.2 
Totals 2475 63.0 
Only about 37 per cent 'of. the sky hemisphere was visible from the location of the internal 
instrument. The diffuse component of the recorded insolation would have been artificially low, and 
the direct beam component of irradiance would have been obscured intermittently. This could 
account for the low internal readings (Figure 6.09), and explain the pattern of results seen in 
72 
Figure 6.11. It was concluded that, neither the transmittance of the polycarbonate glazing, nor 
the solar-lost component, could be established from the monitored data. However, measurements of 
over seventy per cent of the external insolation had been recorded by the internal instrument 
during periods of bright sunshine, even though part of the diffuse component was missing from these 
measurements. The performance implied by this was not dissimilar to that claimed by the 
unufacturer, and reported for Woodbridge Cottage(EDG 1985), and the manufacturer's data was 
therefore used for the building description file. The solar-lost value could not possibly be as 
bigh as that reported by EMCO(1990b), and a value of 41 was eventually adopted for this. 
Infiltration. 







DIRECTION C02 TRACE 
I by volume 
NOTE 
11.30 1.4 N 0.01 BACKGROUND 
12.00 0.05 002 emission 
12.30 1.4 N 0.30 
12.45 0.27 
13.00 0.27 steady state 
13-15 4.0 N 0.17 
13.30 2.2 N 0.12 
13.45 1.1 N 0.09 
14.00 3.7 NE 0.07 
14.15 1.1 NE 0.04 
14.30 0.4 N 0.03 
14.45 0.02 BACKGROUND 
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6.24 The Barnes Farm school classrooms and atrium were tested, with D Harris, to determine 
Infiltration rates, using a tracer gas technique with carbon dioxide. The gas was released and 
dispersed In the space, using an electric fan to achieve good mixing, until a steady state was 
achieved, as Indicated by Drager tube (range 0.011 to 0.31 by volume) measurements. The supply 
of the gas was then shut off, and the rate of decay was determined by measuring the concentration 
of carbon dioxide at regular intervals using Drager tubes (Table 6.14). 





S . 75 Hou-a 
Figure 6.16 COý GAS DECAY TEST: BARM PARK ATRIUM. 
Assuming perfect mixing, and noting the rate of decay(fig 6.16) of the concentration of the 002 gas 
during 105 minutes until the background level recorded at the start of the test was reached, then 
the average air change rate of the space was measured as approximately 0.5 ac/h. The Infiltration 
rate for an adjoining class-base was measured as 0.25 ac/b. These values were scheduled for 
unoccupied periods for Barnes Farm school,, with an Infiltration rate of 1.0 ac/h at tiles of 
considerable movement of staff and pupils around the school, and 0.5 ac/h In class-bases during 
normal lessons. Ventilation rates were separately scheduled. The repeat test for Hook school was 





6.25 Xeasurements were taken of the luminance of the unobstructed sky on an overcast day, and 
the illuminance on the working plane in the class-bases and atrium of each school, using a lux 
meter. The daylight factor required for input to the seri-Res program. was calculated from: 
Ej 
DF X 100 
where: 
Ej = measured internal Illuminance. 
E,, = measured external sky luminance. 
[6.41 
Daylight enters the class-bases of Barnes Farm school from five directions, and a horizontal 
surface was therefore designated for an average daylight factor In day-lit zones, calculated from: 
DF- DF 
-- A' wn 
wbere n= number of referencepoin tzeadings 
(6.51 
Building description files. 
6.26 Description f Iles were prepared for each building from available construction data, survey 
and occupancy Information. Both sites were sheltered. The Information used Is listed In tables 
1. J-A. 7 (appendix A). The external surface resistances were taken from the CIBsE Culde table 13. 
6(CIBSE 1986), and Table 1.1 Indicates the combined heat transfer coefficients used In accordance 
with Seri-Res procedures(Palmiter & Wheeling 1981)(Haves 1997). 
75 
6.27 The variables used for constructions, glazing, and the thermal properties of materials are 
listed In tables A. 2 to A. 7 (Anon 1987). The building description files for the two schools were 
compiled to provide the following defined output for the various set points used: 
(1) Heating load. Total auxilliary beating load inclusive of an allowance of 2 W/m? for hot 
water services. 
(H) Ventilation. Total heat removed from the occupied space by venting when the internal 
temperature rose above 230C for classrooms, and 250C for atria. 
Buffer effect. The assessed useful reduction in energy loss as a consequence of the at 
of unoccupied spaces such as lofts, and draught lobbies or similar unheated zones. The 
buffering is calculated as the conductance between the buffer zone and the zones it buffers 
multiplied by the difference between the buffer zone temperature and the ambient 
temperature. 
let loss. The heat loss from the occupied : ones equal to the sum of the useful solar gain, 
the useful Incidental gains, and the auxiliary heating. The reference comfort temperature 
must be not less than 140C for Gymnasia, or 180C for other accommodation, and not greater 
than 210C for all teaching areas. 
Useful solar. Solar gains which assist the attainment of and do not exceed the required 
comfort conditions. 
Gross loss. Beat loss fron fabric and infiltration, including actual buffering effects, 
but excluding any allowance for useful gains. 
6.29 Three levels of detail of construction and toning were analysed for the Barnes Farm school 
to check the sensitivity of the corpluter model In this respect as follows: 
Detalled(rine). 
This building description represented as closely as possible, the actual method of 
construction and hourly patterns of space use within the building. The construction 
elements were described In detail, and features such as roof joists and studs were allowed 
for separately, with the Intention that the computer file for each school should match as 
closely as possible the 'as built and used' condition. Zoning arrangements, and associated 
schedules of use were based on Information supplied by the school, which detailed movements 
within the school, and the regular patterns of use of Individual spaces. For example there 
were nine occupied iones, Including the atrium, of which six were used for teaching 
purposes at Barnes farm. A smaller number of iones accounted for water closet and lavatory 
areas, stores, and roof spaces. 
Elementary. 
This approach was wre In line with environmental design considerations, and assumed that 
IL 
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a zone included all the contiguous spaces which were designed to operate at the same 
temperature, and had 
' 
similar exposure to ambient conditions. This file had about half the 
number of zones defined for the fine level of detail. 
simple. 
This approach to modelling of the school concentrated on the basic geometry of form, and 
the inter-relationship of teaching spaces, sun-spaces and orientation. The building had 
only three zones, using this approach. 
Caparison of building descriptions. 
6.29 Seri-Res Computer simulations were carried out, using the three different building 
description files for the Barnes Farm school, in order to compare the resultant temperatures 
predicted. It was presumed that the Fine model would be needed for the hourly predictions 
necessary for this study, the elementary description would be useful for daily predictions, and the 
simple model would be appropriate for seasonal predictions. Figures 6.16 and 6.17 Indicate the 
similarity evident In the performance of the three levels of detail of building description f Ile 
in the predicted zone temperatures for Barnes Farm school. Clearly the Seri-Res dynamic simulation 
model is reasonably accurate, when used with a simple building description. 
Barnes Form Infants schooL atrLum. 
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Figure 6.18 COMPARISON OF PRMICTED ZONE TEXPERATM. 
Calibration of the Wel. 
6.30 The building performance predicted by the Seri-Res model was compared with the monitored 
performance data In order to calibrate the computer model of each building. The absence of fuel 
metering, In the monitoring scheme, meant that calibration was inevitably limited to zone 
temperatures. In equivalent environmental temperature was prepared from the measured data, using 
equation 5.1, to compare directly with the output from Seri-Res. The most precise (Fine) level, of 
building description file for the Barnes Fars school was used for this, and a similar file was 
prepared for the Book school, using plans supplied by the architect and services engineers, and the 
Information on the materials used in the construction. (Waterf leld 1989) Seri-Res simulations were 
used to predict the hourly zone environmental temperatures for comparison with those measured for 
the atrium and adjoining class-bases at each school. The Initial results for Barnes Farm school, 
and the new areas of Book school were well correlated, but the Seri-Res predictions for the old 
classrooms at Book school were very poor. Information supplied by the architect (Ogden 1991) 
Indicated that the roof to the new extension at Hook school over-sailed the old classrooms, which 
In effect bad two roofs not one as assumed by Waterfield. The building description for Hook school 
was revised, and the calibration of the Seri-Res model was then assessed for both schools using the 
weather data collected at each site. 
Z, 
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Table 6.15 TERM 4 HOLIDAY DATES 1988/89 B AM ES F AM . 
TERM DATES HOLIDAYS 
Mon 5th Sept - Fri 21st Oct Sat 22nd Oct - Sun 30th Oct 
Mon 31st Oct - Thur l8th Nov Fri l8th Nov - Sun 20th Nov 
Non 21st Nov - Fri 16th Dec Sat 17th Dec - Tue 3rd Jan 
wed 4th Jan - Wed 8th Feb Thur 9th Feb - Mon 13th Feb 
Tue 14th Feb - Fri 17th Mar Sat 18th Mar - Non 3rd Apr 
Tue 4th Apr - Fri 28th Apr Sat 29th Apr - Mon lst May 
Tue 2nd May - Thur Ilth May Fri 12th May - Sun 14th May 
Mon 15th may - Fri 26th May Sat 27th May - Sun 4th Jun 
Mon 5th Jun - Fri 21st Jul Sat 22nd Jul - Sun 3rd Sept 
unoccupied periods were selected for calibration to sinimise, as far as Is possible, the effect of 
occupancy, although the spaces were pre-conditioned by periods Of occupancy. To emulate this, a 
detailed hourly timetable of the patterns of occupancy of every teaching space within each school, 
and a note of any closure days, was obtained from the headmistress. There was a temporary 
classroom at the Barnes Farm school, and the time and extent of the use of the main school 
facilities by the children from the temporary classroom was also Identified. Appropriate schedules 
were developed from this Information, for each half term of the school year. An example of the 
term dates and holidays scheduled for Barnes Fars school Is given In Table 6.15 for the school year 
1988/99. 
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Hook Scbool Atrium. 
6.31 Figures 6.19 and 6.20 illustrate the comparison between measured and predicted temperatures 
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Figure 6.20 HOOK SCHOOL ATRIUM WEEKM STU/9TH JULY 1989. 
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6.32 Figure 6.21 indicates the correlation of predicted and site measured hourly temperatures 
in the atrium for all the weekend periods studied from May 1989 to the start of the Autumn term 
using site weather data gathered during the monitoring period. Figure 6.22 shows the linear 
regression y= ax +b for this measured and predicted data. 
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Figure 6.21 HOOK SCHOOL MIUM WEEM MAY To SEpT 1989. 
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Book school class-bases. 
6.33 The comparison between measured and predicted hourly classroom temperatures for the 
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Figure 6.24 HOOK SCHOOL CUSS-BASE WEMM 19TH/20TH AUG 1989. 
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6.34 The predicted classroom temperatures correlate with measured hourly temperatures as shown 
in figures 6.25 and 6.26 for unoccupied weekends during the period May to September 1989 inclusive. 
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figure 6.25 HOOK SCHOOL CLASS-BASES WEEKENW MAY TO SEPT 1989. 
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figure 6.26 HOOK SCHOOL CLW-USE WEE= mAy To SEn 1989. 
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Barnes Farm school atrium. 
6.35 The predicted and measured temperatures for four of the Sundays studied from April to 
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6.36 The correlation between predicted and measured temperatures in the atrium of Barnes Farm 
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Barnes Farit school class-bases. 
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6.38 The Seri-Res output during April and May did not correlate with the measured zone 
temperatures, which apeared to indicate that the beating system was on continuously during the 
period April to early May. An examination of the boiler controls revealed that this was indeed the 
correct. The correlation between actual and predicted class-base temperatures for the unheated 
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Figure 6.37 BARNES FARM SCHOOL CUSS-USE, WEEKENDS 20TH MAY TO 20TH AUGUST 1989. 
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87 
Comparison of overall design performance. 
6.39 The weather during the monitoring period of 1989 was considered unrepresentative, being 
much warmer than usual. Furthermore, the duration of monitoring was less than one year, and 
included several weeks during the summer months, when schools would normally be unoccupied. Whilst 
this was accepted for the purpose of the calibration of the model, the fact that there was no cold 
weather data available for either of the schools with central atrium was identified as a problem 
affecting the prediction of overall thermal performance. It was therefore agreed with the the 
DES at the commencement of this study, that the Seri-Res simulations to assess the annual design 
performance of the two schools, and any parametric analysis required, would be undertaken using 
twelve months of actual hourly weather data for Kew 1964/65. It was considered that, as this was 
a tore representative year, more meaningful results would be obtained. 
6.40 Figure 6.39 compares the DN17 (DES 1981b Fig 6) curve for maximum annual energy consumption 
In primary schools, which does not allow for the effect of beneficial solar gain, with the 
simulated perfo rma nce of the Book, Barnes Farm schools, and the monitored result for Looe junior 
& Infants school (klexander et al 1991), and table 6.16 lists the fabric performance for both 
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Table 6.16 BUILDING ELEMENT U-VALUEs, W 10,2 K-1 I sai-ks at4it 
BUILDING MEN BOOK SOOOL BAM 
-rm;; 
L 
11-2 K -2 W 11 
-2 K -1 
&M BUILDING. 
External cavity wall 0.45 0.58 
stud 0.54 2.10 
Windows external 2.80 5.40 
internal 5.40 5.40 
Xaln roof new 0.23 0.30 
old 0.20 1/1 
Ground f loor 0.61 0.64 
Amm. 
walls external 2.80 0.58 
internal 1.40 0.59 
windows external 2.80 5.40 
internal 5.40 5.40 
Roof opaque 0.27 0.20 
glazed 2.80 3.20 
Ground floor 0.63 0.66 
Mn /AKBIEKT. 2.4 W 1.5 V 
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6.41 It is clear from the analysis of the data obtained from the monitoring scheme, that even 
the unheated atrium provided a comfortable environment, during periods of occupancy, for most of 





Figure 6.40 Terperature of the unheated atrium at Barnes Farm school on a dull winter day. 
6.42 The venting of excess heat from the Barnes Farm atrium was effective once the ridge opening 
lights were operated. 
OC 





7.0 PARAMETRIC ANALYSIS. 
7.1 The results obtained from the calibration exercise indicated that: the Seri-Res model was 
capable of predicting the hourly zone temperatures for different seasons with reasonable accuracy, 
corpared to measured diurnal trends. It was assumed that predicted energy loads would also be 
reasonably correct, and that the model could therefore be used to address the following questions: 
(a) What effect does orientation have on the thermal performance of these schools? 
(b) How significant is the glazing specification? 
(c) Is there an optimum width of atrium? 
(d) Should the atrium be heated? 
7.2 The aim was to quantify the usefulness of the passive solar aspects of the design of both 
schools in terms of energy conservation and year-round comfort, and assess the significance of the 
following variables: - 
(I) Atrium orientation. 
(ii) Atrium width. 
(Ili) Atrium beating. 
(IV) Building & atrium glazing specification. 
M Daylight in class-bases. 
ORIMATION: 
7.3 A change In orientation of both buildings was simulated using steps of 15 degrees. An 
annual run was used to predict the resultant energy performance for each change of orientation of 
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Fig 7.2 Barnes Farm school. 
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7.4 Figures 7.1 and 7.2 Indicate that there was a negligible effect on predicted thermal 
performance of the whole building arising from the variations simulated In orientation of the 
building models based on the Book and Barnes Farm schools respectively, even though the variations 
want that for some orientations the large glazed areas to the class-bases faced North. However 
the solar aperture of the atrium roof would be alaost constant throughout, and the extent to which 
this dominated the overall performance of these buildings In relation to useful solar gain Is 
demonstrated In these results. 
Iniux WIM. 
7.5 The width of the atrium In the model based on the look School was varied between one half 
of the actual width of 5.5 metres and one and a half times the present width, with intermediate 
widths of 4.13 and 6.87 metres. The assumption being that a width of approximately 2.75 metreS 
would represent a minimum practical width for teaching purposes In view of circulation 
i 
>ý 
a-a alocated to 8402 sq m gross area 
__IG ----- ýO 
allocated to 700.7 sq m heated zone 
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requirements. 
7.6 Similarly the width of the atrium In the model based on the school at Barnes farm was 
varied between one half and one and a half times the actual width of 6.2 metres, and intermediate 
widths of 4.6 and 7.7 metres were also analysed. 
7.7 Since the area of the heated atrium at Hook school comprises part of the statutory area 
of the school, unlike that of the unheated atrium at Barnes Pan school, It was necessary, when 
varying the width of the heated atrium, to also vary the area of the remainder of the school by 
making an adjustment to the depth of the accommodation adjoining the atrium, so that the total area 
of the school, the length of atrium, roof pitches and angles of incidence retained constant. 
7.8 However, when varying the width of the unheated atrium at Barnes Farm school, the area of 
the remainder of the school was held constant, as was the atrium length, roof pitch and associated 
angles of incidence. The glazed pitched roof of the atrium at Barnes Fars school commences 700 
mm from the atrium face of the class-base connecting wall either side of the atrium, due to the 
presence of a horizontal projecting flat roof feature, which Is specifically designed to afford 
direct gain shading of the internal glazed apertures in the connecting walls. The dimensions of 
this shading was held constant in the simulations. 
7.9 The effect on levels of daylight in the adjoining class-bases, from varying the width of 
the atria, were predicted using the daylight factor method for Input to Seri-Res, which predicts 
the hourly artificial lighting loads by calculating the available daylight from the hourly solar 
radiation data. in order to assess the effectiveness of the design strategy for daylight, It was 
assumed in the simulations that the artificial 
lighting in the teaching areas would be switched on 
and off In response to the level of daylight calculated 
to be available for each hour of the school 
day with a set point of 150 lux. In reality the lights tend to be on for longer periods. 
7.10 Simulations for one year were carried out to: - 
(1) predict the energy use, excluding catering, Of the notional buildings resulting 
from such changes, and 
(11) assess the useful and adverse effects of solar gain. 
7.11 The effect of omitting the beating to the atrium of the Book School was examined, although 
this particular variable Is technically Inappropriate, since the atrium comprises part of the 
93 
statutory area of that school. The effect of heating the Barnes Farm atrium was also simulated. 
The result of the simulations, In terms of delivered energy, are shown in figure 7.3 for Book 
school with a constant gross area of 676.3 xý for the monitored section. 
Width of an atrium of the Book school type of construction. 
600 
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Figure 7.3 DELIVERED EXEM FOR THE HOOK SaCOL TYPE OF CONSTRUCTION WITH VARYING WIDTH OF ATRIUM. 
(D .......... e HEATING AND ELECTRICAL CONSUMPTION 
+ -f- ELECTRICAL CONSUMPTION 
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7.12 The results for the Hook school type of desiqn and construction with a heated atrium(Figure 
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7.3) Indicated that there was no optimum width of atrium. The wider the atrium the more energy 
would be used. There was an increased tendency for the atrium to overheat with Increased width of 
atrium, and the ventilation of unwanted beat increasingly exceeds the useful solar gains with 
iTicreased width of atriull. 
width of an atrium of the Barnes Farm school type of construction. 
7.13 Figure 7.4 shows the predicted energy use for the simulation which varies the width of a 
wholly unoccupied, and unheated atrium from 3.1 to 9.3 setres for a constant gross area of 
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figure 7.4 DELIVERED MAL ENERGY FOR A SCMOL OF THE UM FARM TYPE OF CONSTRUCTION, WITH 
VARyING WIDTH OF ATHUN. 
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7.14 The net loss was predicted (Figure 7.4) to reduce slightly with increased width of atrium. 
However, the Barnes Farm school makes extensive use of the unheated atrium for teaching purposes 
for most of the school year, and whilst there would be a significant buffering effect from the 
unheated atria, Ser-Res does not account for any buffering effect from occupied spaces. A more 
realistic result would therefore probably be somewhere between that simulated for a wholly 
unoccupied atrium and the fully occupied atrium simulated In Figure 7.5, which shows the predicted 
delivered energy use of the school, allowing for the venting, incidental gains, nominal beat Input 
to the coat hanging areas, art1f idally lighting, and scheduled use of the mainly unheated atrium. 
It can be seen from figures 7.3 to 7.5 that varying the width of the atria was predicted to have 
a significant effect on the thermal performance of both buildings. It would be necessary to 
Interpolate between figures 7.4 and 7.5 to allow for the buffering effect of the unheated atrium 
at Barnes farm school. 
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Figure 7.5 DELIVERED ENERGY FOR THE BARNES FARM SCHOOL TYPE OF CONSTRUCTION WITH AN UNHEATEDl BUT 
FULLY USED ATRIUM OF VARYING WIDTH. 
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GLAZING SPECIFICATION, 
7.15 Book school is mainly double glazed to ambient with single glazed openings between the 
heated atrium and the adjoining class-bases. Barnes Farm school is single glazed throughout, with 
the exception of the class-base roof-lights, which were double glazed units Incorporating a layer 
of georgian wired glass, and the atrium roof, which is glazed with twin wall polycarbonate sheets. 
Anti-sun glass is used for the South-facing single glazing, and the atrium Is unheated apart from 
some nominal beat input to the coat hanging areas. Additional Seri-Res simulations were carried 
out to predict the annual thermal performance of both schools, with single glazing throughout for 
Book school# and double glazing to ambient at Barnes Farm school, with and without heating to the 
atria. The form of the double glazing to the atrium roof at each school was however unchanged, 
since single glazing would be inadvisable in such locations due to condensation risk. Figurq 7.6 
to 7.9 show the predicted results of these changes. Figure 7.7 predicted that for a building and 
atrium of the Barnes Farm type of design and construction, the net loss of a single glazed building 
and atrium with unheated atrium was similar to that of a double glazed building and atrium with 
heated atrium for widths up to 6.2 metres(as built). Figure 7.8 Indicates that this result Is 
reflected in the calculation of useful buffering. 
ixtenal wall gla: ing to the Hook school type of building with a heated or vpJmted atrium 
of varying width. 
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WDTH OF ATRUM N METRES 
9.5 
single glazed building and atrium with unheated atrium 
single glazed building and atrium with heated atrium 
double glazed building and atrium with unheated atrium 
double glazed building and atrium with heated atrium 
7.6 RUTING LOAD 
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External wall glazing to the Barnes Farm type of building, with either a heated, or 
admted atrium of differing vidths. 
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5.0 7.5 10.0 
WDTH OF ATRPJM N METRES 
double glazed & heated building and atrium. 
double glazed building & atrium with unheated atrium. 
single glazed & heated building and atrium. 
singie glazed building & atrium with unheated atrium. 
Fig 7.7 BATING IDAD 
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double glazed bulicring & atrium with unheated atrkirrL 
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single glazed building & atrium with unheated atrium. 
fig 7.8 USEFUL BUFFER EFFECT 
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8.0 THE NOTIONAL CLASS-BASE. 
8.1 Having compared the performance of the two passive solar schools, and carried an assessment 
of the effect of changing the orientation and glaz Ing specif kation, and varying the width of the 
atrium, it was evidently going to be important to allow for the effects of solar radiation and 
improved thermal insulation, when assessing the thermal performance of teaching spaces for all 
seasons in relation to thermal comfort, space-heating loads, daylight and the use of electric 
light. An important question, which was unresolved at this stage of the study, and which would 
have a bearing on any future amendment to the DN17 guidelines was: what effect does the present 
preference for pitcbed-roof construction with sloping soffits, and commonly used levels of thermal 
insulation, have on the thermal performance of a typical direct-gain teaching space? Accordingly 
it was decided to use computer models to make an assessment of the thermal performance of a typical 
class-base, to see the effect, which varying the area of the gain glazing to the space as a 
percentage of the inside face of the external wall, and the provision of large eaves level 
overhangs to South aspect windows had on: 
(I) The level of daylight on the workiDg plane throughout the teaching area; 
(11) The use of electric lighting; 
(III) The incidence of overheating, and 
(iv) The space heating loads for different orientation of the sain glazing to the space. 
8.2 A simple single storey school building consisting of three class-bases, with associated 
activity spaces and circulation areas, was developed in order to test direct-giin design options. 
The overall space was 10.5 metres deep, and lit by a single clerestory ligbt, and from both sides 
by windows. The main teaching space bad a sloping soffit and mono-pitched roof, as did the 
adjoining, but smaller Might, activity space and circulation area. 
Table 3.1 U-VALUES 
CONSTRUCTION ELEMENT O-VALUE W/2 K 
Roofs and walls 0.25 
Floor 0.45 
Windows 2.80 
This ceiling and roof arrangement was selected to assess the build up of heat due to the lack of 
a buf fer eff ect fron a Donal pitched roof void. Commonly adopted Insulation and construction 
standards were assumed. Table 8.1 lists the U-values for the constructions used. Double gla: lnq 
was assumed throughout, and pin boarding was provided to door-head height to provide for the 




Figure 8.1 The building containing the notional class-base. 
Daylight In the notional class-base. 
8.3 The central class-base was modelled with a constant area of fenestration, amounting to 20 
per cent of the Internal face of the external walls area, for the activity and clerestory glazing 
to the class-base. The vain glazing to the class-base was varied between 20 per cent and 40 per 
cent of the internal face of the external wall. Eaves level projections of 300 am were assumed 
as standard throughout, and a variation was simulated to show the effect of 600 U and 900 n 
projections over the South facade. 
8.4 *Daylight factors within the class-base were predicted for a one setre square grid, using 
the daylight program. Table 8.2 lists the values used for surface reflection. The program assumed 
cubold rooms, and separate runs were therefore made to predict the daylight from each of the three 
sources, as required for the Seri-Res simulations. This permitted the height of the clerestory 
glazing to be modelled within the limits of accuracy of the program. The results were added to 
derive the combined effect for each reference point on a working plane height of 0.7 metres, the 
minimum daylight factor was Identified, and the average daylight factor was calculated. The 
uniformity ratio was then calculated by dividing the minimum daylight factor by the average 
daylight factor for the space. 
6 






Figure 8.2 UNIFORMITY RATIO 
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rigure 8.2 indicates the results of the analysis to establish the effect on the average daylight 
factor and the uniformity ratio of varying the main south-facIng glazed area, and the eaves level 
overhang. A 21 minimum daylight factor was not attainable throughout with 201 glazing. 
8.5 The Seri-Res model was used to assess electric lighting required, and overheating hours 
and days, with and without lights on. The choice of constructions and materials was determined by 
current practice, and co-ordInated with the data base for the TO model, which was also used. 
Tables A-9 to A. 11(Appendix A) provide details of the building description used. Table M 
Indicates the scheduled values used governing: Infiltration; occupancy and Internal gains; 
ventilation; beating, and the window blind set points, and Table A. 9 lists the combined beat 
transfer coefficients used. 
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Electric lighting in the notional class-base. 
8.6 Electric lighting periods and associated electric loads were predicted, using the Seri-Res 
program. It was assumed that all use of electric lighting was sensitive to the availability of 
daylight. This was governed by a set point level of 300 lux, and switched in two equal steps. 
figures 8.3 and $. 4 Illustrate the Serl-Res predicted hours of 'lamp on' and the electric lighting 
load for Increased percentages of South facing glazing and increasingly deep overhangs at eaves 
level. 
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overheating In the notional class-base. 
8.7 An overheating day is defined(DES 1981b) as any day when a resultant temperature in excess 
of 270C occurs within a teaching area during school hours. The hours and days when overheating (over 
270C) occurred during school hours, with and without electric lights on, was predicted for varying 
natural ventilation rates. The room finishes assumed in the building description were: plastered 
block walls with pin board up to door bead height; acoustic tile ceilings; carpet in the class- 
base, and floor tiles in the activity and circulation area. Figures 8.5 and 8.6 show the Seri-Res 
predicted days and hours of overheating during occupation, for varying rates of natural 
ventilation. Overheating was predicted in the autumn and summer terms. 
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Heating load in the notional class-base. 
8.8 A TasO simulation was undertaken to assess the heating loads for different orientations of 
the main glazing. The variation in the size of the eaves projection was confined to the South 
facade. The graph of the result of this TO simulation Is given in figure 9.7, which indicates 
that for all orientations except Southerly, the beating loads were predicted to Increase with 
Increased percentage of Bain glazing. For South aspect main glazing the predicted loads decreased 
with Increased percentage of main glazing, indicating the advantage of direct gain. The North 
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Figure $. 7 BEATING LOAM. 
Pruiery school class-base with associated activity space and circulation area. 
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9.0 THE CASE STUDIES. 
9.1 Tender costs for thirty six passive solar schools (details of which are Included in the 
draft building bulletin) were investigated. The costs were obtained from the published sources 
referred to in appendix E, and from the LEA's. To provide an appropriate Incentive for LEA's to 
r, ubmit such Information, it was arranged for the Department for Education(DFE) to make the formal 
request, and verify the data received. All prices were adjusted, using published cost 
indices(BCIS, 1993) to be correct to the fourth quarter of 1992. The results were compared with the 
national interquartile average for all new schools, and major extensions to school buildings 
constructed between 1986 and 1992. At the same time LEA's were requested via the WE to submit 
details of their energy consumption monitoring for these schools. The design energy constimption 
value(DK17 1981b) was compared with the actual annual energy consumption. Both figures were 
available for only thirteen of the scbools(DFE 1993). 
EconoRic appraisal. 
9.2 The interquartile average capital cost of the thirty six schools was E461 per square setre, 
compared to the national interquartile average for all schools of C476.00 per square metre, based 
on the cost of 918 new schools and major extensions built between 1986 and 1992(DFE 1992). Figure 
9.1 Indicates the relative capital costs of thirty six passive solar schools. (DFE 1993), and Table 
9.1 lists the schools, gross floor areas, costs per square zetre, tender date, and unit costs 
adjusted to the 4th quarter of 1992, using standard cost Indlces(BCIS, 1993). This suggests that 
although passive solar schools contain relatively expensive features such as sun-spaces, which 
other schools do not, the passive solar school designs were no sore costly In overall capital cost 
terms than normal, and for the sample considered the mean cost of the passive solar schools were 
marginally lower than the national mean for 1986 to 1992. 
bergy consumption. 
9.3 Figure 9.2 and Table 9.2 compare the design energy consumption value based on DK17(DES 
1981b) and the actual energy consumption values available on the passive solar case study 
schools(DFE 1993). This Indicated that overall the estimated performance was reasonably accurate, 
although there were some notable exceptions. for example the Barnes Farm Infants school had proved 
much more energy efficient in use than the original estimated thermal performance would suggest, 
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Fiqure 9.1 Capital costs: f per square setre of passive solar schools. 
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Table 9.1 Passive solar schools, costs, and noor areas 

















I-ordrug secondary Essex 1,015 196.45 IQ79 322.03 
wah"Icy firal and middle normM&M 2.161 229.32 IQ79 M7.211 
Bouncre middle flampswre 1,734 296.21 IQ 92 369.29 
Ilook. infaras and junior flanTshm: 2.596 311.48 IQ95 370.70 
IA%V infaints and jtmiar Cornwall 1,374 299.65 4Q 92 384.47 
(IWM- I-imary Essex 1,059 191.21 4077 399,35 
Aspull primary Wigan 912 312.12 lQXI 393.97 
Frosmore secondary llaff4wire 1,611 242.91 IQ 79 399A9 
- 
St petals Essex 1.149 339.11 2Q 94 403.58 
Mothilhill prunary Fife 3.169 476.6 2Q SS 409.54 
Hulbert middle Hampslure 1.548 315.28 4Q8I 416.97 
Mistley Norman rximsfy Essex 726 320-*9 IQ to 419.12 
Poulton I Ancel yn pnmwy Wirral 1,116 410.4 4Q 96 419.97 
31 I-homas, 1., cigh PIMA" Wigan 661 370.19 4Q 93 425.43 
CWCAt IAVtB prunasy Essex 699 305*42 IQ so 434049 
Nabbotts junior Essex 980 345.06 4Q 92 442.73 
TNiqw Ray secondary F-4wx 7,452 . 343.33 2Q 92 445.01 - 
Ravenscroft p"Mary Essex 1,001 3-411.04 4Q 90 449.07 
Parorbot Tbornpson "coodary Humberside 9,947 427.57 2Q 86 454.13 
Ncwlwkk Finlary H-VAUTO 910 207.51 2Q 77 454.49 
Roach Vak FxwwY Essex 1,119 201.91 IQ 77 469.97 
UShMW Moor Durham 1.150 354.33 4Q 81 479.37 
Farnborough Tock Furdwr Education Hamynhire 11,179 390.52 4Q, 23 487.01 
St. Clear Primary Cornwall 604 379.09 4Q 91 516.34 
Ashford G(xhntcvn P+"MY Kent 847 303.42 2079 517.96 
Hoky%uell primary Nottingham 810 419.95 2Q 80 523.79 
S1 kfsrý'% Secondary Wirral 2,133 60.55 1961 SUM 
14ith Academy sworsdazy/community Loithim 9,295 731.28 2Q 88 %0.45 
Fled h&nts Hannishirse 1.1go 549.62 2Q 87 56Z96 
Netley Iffinis Hampolum 835 44432 IQ 83 564.16 
Barnes Farm bffiuo Essm 704 537.44 2Q 86 5%. 86 
Cabot City Tock CA. secondary Avon 1,550 601.26 4Q 92 626.31 
DiMcburgh V. C. Fimary Norlb& 520 5211.85 IQ 84 622.51 
Swanks secondary I-B. Tower Hamlets 9,023 773.78 4Q 93 745.91 
Coven Park P6-wy Bucks 1.400 *62.48 
_2Q90 
746.14 
Fenoed%kc primary Strathclyde 1.309 , 
356.82 2Q 76 MS. 26 
Interqmrtfle "emge of passive 94or wheah 461.20 
Natkmal Interquartile average of 91 It new whoo6 and major owleaskmas 470.79 
buUt between 1"6 and 1992 
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Figure 9.2 Annual consumption of primary energy: kWh per square metre. 
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Table 9.2 Annual consumption of primary cncrrv 





Ratio OfActual AECV 
I CalculaW AECV 
St jilarys. wmidary 
1 97 
Frogmnre, woondary wdension 103 
St Petees, pwnary 141 98 0.70 
Watmicy, infants 131 
NcvA-ds. primaiy 110 0.75 
S-AmnlLa. somidary 153 
Ra%wmcrof4 rximaly 135 177 1-11 
CmIxA Cily Technolo&v College, soconday 173 
Netky Abbey, infads 174 
Tendrýý sooondafy ISO 
I IaASG" pfin-7 191 
13omm-e, n-Wle 191 
Hook, innknis and junior 246 206 0.24 
Ltiof, pri-ary 249 207 0.23 
JUmex rann, infardx 296 171 0.511 
Naming Couffly, primary 236 
Si'Mornas 1,60.1wimaq 250 230 0.92 
lfol)vxILprinwwy 236 262 1.11 
Low, juyýor and inrads 242 257 1.06 
Mistley Nomu-m. prinarY 249 255 1.02 
DiLidcbur& V. C, P'--y 234 
neet. infargs 256 
Roach Vale, primary 259 274 1.06 
Perranct 11bompsork sco-dary 270 
rarnbor, xigh Tedmlogy ColIcCe F. E 273 
Che" T-, r 
--*sty 
276 
Poulton tAncelM primmy 302 
I xido Academy. sm-dary Xw 
77xwpe Bay, swondary 344 
U6haw 16foor, juni- 405 
A"11, prif-UY 492 
Average values Or Passive 006r mfoOMI 211 207 0.92 
Key; AEcV a Annual energy consumption value In kWh per spare setre Of gross floor area. 
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10.0 CONCLUSIONS AND DISCUSSION. 
A: The two atrium schools. 
Co%mrison of building descriptions. 
10.1 It bad been assumed, at the commencement of this study, that: the simple building 
description might be appropriate for seasonal predictions of thermal performance; the elemental 
description ought to be satisfactory for an accurate prediction of daily means, and possibly 
capable of predicting hourly values with reasonable accuracy for most practical purposes; the fine 
level of detail would be necessary for accurate hourly predictions of zone temperature, but 
Impractical for normal design evaluation purposes. 
10.2 There was very little difference between the predicted hourly results of the fine and 
elemental levels of detail of building construction and zoning modelled when utilising Seri-Res. 
Although there was little to choose between them, with a difference of about VC between the 
temperature predictions of these descriptions, there was a significant temperature difference and 
a slightly poorer diurnal curve fit to the measured data when using the simple building 
description. The most detalled(Fine) description was used for the remainder of the experiment, 
because It was available, the most accurate, and bad been extensively checked to avoid data entry 
, errors, but the elemental model would appear more practical for general use, and much less open to 
Input error In view of the mucb reduced number of data entries associated with this building 
description. The surprising result was that for the simple model, which gave reasonably accurate 
predictions for the atrium temperatures, where the lack definition of this building description in 
relation to thermal mass was less significant than for predicted environmental conditions In the 
class-bases. 
10.3 All three building descriptions were used with the same dynamic thermal model, and were 
relatively fast, using the Vax main-frame computer. There was however about a tenfold Increase in 
processing time required between the simple and fine building descriptions. on balance the 
elemental building description would seem appropriate, for a detailed study of the predicted 
performance of either an existing building, or a well advanced design, whereas the simple model 
could easily be used to test design Ideas quickly. This would be feasible, because the simple 
building description could be produced within an hour, 'and processor times of only four minutes 
were required for simulations using a one year run of weather data. 
Calibration. 
10.4 It was found from the calibration results, using the hourly values of monitored zone 
temperatures for class-bases and the atrium, during unoccupied periods In both schools, that the 
Seri-Res model accurately predicted the actual hourly zone temperatures of the sun-spaces and other 
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accommodation. The closeness of fit between measured and predicted temperatures was unexpected, 
and probably conceals systematic errors, however the similarity of the curves diurnally between 
measured and predicted 'values, irrespective of the weather conditions, was considered more 
important and therefore encouraging. This suggested that the thermal capacity of the buildings and 
the thermal characteristics of the materials used In the construction were correctly Identified. 
The poorly correlated earlier result of Waterfield(1989) for Book school, was based on erroneous 
specification of materials and constructions, and some dimensional co-ordination errors In the 
building description file. When these errors were identified and corrected for this study, the 
much Improved results presented here were obtained. This suggests that Seri-Res should not be used 
without a sound knowledge of building materials and construction, as these are clearly Important 
factors for the correct performance of the model. This would be particularly relevant In the 
assessment Of the performance of existing buildings, such as this study, which to some extent 
relled upon the correct Identification of building materials used. 
overall perforsame. 
10.5 Table 6.16 Indicated that, In overall terns, the predicted thermal performance per square 
metre of floor area of the Barnes Yarn school with an unheated atrium was better than the sore 
highly insulated school at Book, which bad a heated atrium. This result was based on the 
simulation of dynamic thermal performance over one year, and indicates the wisdom of such an 
evaluation in the design of passive solar buildings, and the advantage of an unheated sun-space in 
terms of the useful buffer effect. However, In terns of the beating season loads, and bearing in 
mind that the Book school is seti-detached, and Barnes farm school use their atrium throughout the 
year,, leaving large sliding doors open between the atrium and the adjacent heated spaces for 
considerable periods during occupancy, the simulations taking account of this Indicated a slightly 
lower energy consumption for the Book school(figure 6.39). Since the Book school was well Insulated 
and the Barnes Fan school was riot so well Insulated, the results for both schools suggest that, 
if the effects of solar radiation are allowed for, the DK17 quidelines(DES 1981b) are shown to be 
more than generous, particularly In view of the Improvements which have occurred In the standard 
of insulation of buildings since the D117 guidelines were Issued. A substantial reduction of the 
present annual energy consumption target would appear justified. 
10.6 The disadvantage of the lack of any calibration with known fuel use for this study is 
acimowledged. Kowever It was assumed that, any modelling errors attributable to this would 
systematically apply to the simulations for both buildings. The comparison was therefore 
considered to be likely to have indicated the correct relative performance. Seri-Res has been well 
validated In tens of predicted energy perforzance(Judkoff 1988), and the predicted annual energy 
consumption in PEU's for both schools is similar to those reported for Looe school(Alexander et al 
199o) and the final results reported for the Nabbots primary school, after two years of 
CollIssioning(Hobday et al 1992) to achieve the design performance. The Seri-Res predictions for 
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energy consumption therefore appear reasonable. Care is needed in interpreting the results of 
figure 6.39, but if this assumption Is correct, then further work may be appropriate to test 
whether a reduction of about one third or more of the present DN17 energy consumption target is 
feasible. 
orientation. 
10.7 The results of the simulations to show the effect of changing the aspect of the gable end 
of the atrium Indicated that, the orientation of a central atriuN had a negligible effect on 
thermal performance of the whole building, even though the variations meant that, for some 
orientations, the large glazed areas of the class-bases faced North. The solar aperture of the 
roof of a glazed atrium would be almost constant throughout, and the extent to which this dominated 
the overall performance of these buildings In relation to useful solar gains is demonstrattd in 
these results. Although these changes of orientation would have had some effect on the angles of 
Incidence of solar radiation diurnally, this effect was less Important than the effect of constant 
solar aperture. The result was similar for both buildings,, and appeared to be valid for these 
single storey atrium buildings. This differs from the conclusion of Kainlaurl et al(1991), who 
suggested that orientation would be an important factor In the performance of buildings with atria. 
10.9 There is, of course, a need to consider the effects of glare and direct insolation in 
relation to orientation, and bow these would affect the occupants of accossodation adjoining an 
atrium. However this result does Imply that a design incorporating a central atrium in buildings 
of this type, sight be particularly suitable as an energy efficient design solution for sites where 
an optimum orientation and aspect for teaching spaces Is otherwise Impractical. 
Width of atrius. 
10.9 figures 7.3 to 7.5 Inclusive demonstrated that,, varying the width of the atrium had a 
significant effect on the thermal performance of the schools, for both heated and unheated central 
atria. The results based on the Hook school, with a heated atria, indicated that there was no 
optimal width for a heated atrium of this design for the range of atrium widths simulated. The 
wider the atrium, the sore energy was consumed. In this simulation, the depth of the adjoining 
class-bases decreased as the atrium width was increased, maintaining a constant heated area for the 
school, wbilst raising the daylight levels available throughout the school. This Is reflected in 
the reduced electric consumption for lighting associated with the wider atrium. A critical factor 
was the increased tendency of the heated atrium to significantly overheat with increased atrium 
width. The predicted amount of beat needing to be removed (figure 7.3) exceeded any equivalent 
benefit from useful solar gain throughout the range of widths simulated. The atrium at Hook bad 
large surface areas of carpet, furniture and relatively lightweight building materials In the 
atria, which were directly exposed to solar radiation. In reality the arrangements for natural 
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ventilation of the atrium at Hook school were Inadequate, but for the purpose of this study they 
were specified in the Seri-Res model as being adequate. 
10.10 The results for Barnes Fan were considered in two stages. Time which allowed for the 
maxim useful buffering effect of a wholly unused, and unheated central atrium, similar In 
construction to that at Barnes Farm school, are shown In figure 7.4. Rowever, It would be 
somewhat unrealistic to assume that schools would not use such a sun-space, except perhaps during 
the coldest of weather. It was therefore assumed for the second stage simulations that, the 
unheated sun-space would be fully used, as at Barnes Fan school, and that, when the atrium was in 
use, the doors and patio type windows between the heated class-bases and the sun-space would tend 
to be left open. in this scenario, the sun-spaoe Is classified as occupied. The Seri-les model 
does not calculate a buffer effect due to occupied spaces. The energy use predicted by Serl-Res, 
is shown in figure 7.5, which allowed for the extent of the use, which the Barnes farm school* sake 
of their atrium, and the effects of such occupancy, but not the beneficial buffering effect, which 
In practice is afforded by the atrium, when it is wholly unused during very cold weather. Die to 
the difficulty of ideDtifying such days In advance, the lack of use from such causes was not 
scheduled, and therefore could not be taken Into account in the simulations. This change was 
however Important, because the predicted net loss for the building with a wholly unused 
atriul(figure 7.4), reduced slightly with Increased width for the range of widths considered, 
whereas that for the atrium as an o ccu pled space(figure 7.5) Increased progressively as the width 
of atrium increased. 
10.11 The heated area of each school was kept constant, when varying the width of atrium at the 
school, which meant that for Barnes Farm school with an unheated area, the gross area Increased 
directly with Increased width of atrium, whereas the gross area of look school remained constant, 
since the gross area was the heated area for that school. The main difference between the results 
for each building# Incorporating a heated and unheated atrium respectively were that, ventilation 
of unwanted heat Increasingly exceeded useful solar gain for increased width of atrium In the 
simulations for the heated atrium of Book school, whereas useful solar gains increasingly exceeded 
the ventilation of unwanted heat In the simulations for Increasing the width of the unheated atrium 
of Barnes Pan school. 
comfort conditions In the atrius. 
10.12 overheating of the atria was Identified as a probles at Book school, froll the sonitored 
data, the therval perforzance predicted by the Seri-Res sodel, and staff conent(Harris et al 
1991). Sove overheating also occurred at Barnes Fan, but to a vuch lesser degree than at Book 
school. in reality, there Is an effective, and such greater provision of opening roof-lights In 
the Barnes Farm atria than at Book school, which had relatively few. At Barnes Fan school, It 
can be seen froa the sonitored perforvance data that, there was a tendency for the atrius to be 
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overheated before the staff opened the roof vents(Figure 6.41). However, once this had been done, 
the mean dry bulb air temperature recorded in the space was almost identical to the recorded 
ambient temperature. The Barnes Farm school was originally equipped with automatic sensors and 
votorlsed controls for the roof vents to the atrium, but it was reported that the staff bad asked 
for these to be manually switched. The overheating which occurred due to the late opening of roof- 
lights can In part be attributed to this change, and to the fact that the atrium is a shared space, 
which is not under the control of an individual teacher, and Is frequently occupied by children who 
are within the sight of teachers located In the adjoining class-bases. From this position the 
teacher would be unaware of the rising temperature of the air In the atrium. one light also expect 
that air temperature alone is an unsatisfactory measure of overheating. 
10.13 For the parametric study simulations, the provision for ventilation of excess heat was 
assumed to be equally adequate at both schools, and the control set points were based on the terl- 
Res environmental temperature, which Is approximately equivalent to a resultant temperature. 
Figure 7.5 Indicates that excess heat becomes a critical factor, within an unheated central atria 
of the Barnes Farm type of construction, for atrium widths In excess of 7 Netres. The ventilation 
considerations alone Imply a preferred width of the unheated atrium of approximately 4.5 metres. 
There were also times when the Barnes Fare atrium was too cold. However Figure 7.7 predicted 
that, for a building and atrium, as at Barnes Farm school, the net loss of a single glazed building 
and atrium with unheated atrium was similar to that of a double glazed building and atrium with 
heated atrium for widths up to 6.2 vetres(as built). Figure 7.8 indicated that this result Is 
reflected In the calculation of useful buffering. 
Glazing specification and thermal performance. 
10.14 Figure 7.7 also Indicates that, for an atrium width of 6 vetres, a single glazed, 
moderately Insulated, school building with an unheated atrium matched the requirement for 
auxilliary heating of a double glazed building with a heated atrium. The decision to heat the 
atrium of a single glazed building with central atrium, of the type and construction used at Barnes 
Fan school, Is an option worthy of consideration In tens of the benefits to the school, for 
similar building forts with central atria up to 3 vetres In width, since as Indicated by Figure 
7.71 It should be possible to do so without increasing the annual heating requirement of the 
school. 
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B: THE NOTIONAL CLASS-BASE. 
The level of daylight. 
10.15 Figure 9.2 showed that it was only possible to achieve an Illuminance of just under the 
two per cent minimum daylight factor on the working plane throughout the teaching area, when the 
glazed area was limited to twenty per cent of the area of the Internal face of the two external 
walls with glazed areas. The provision of large overhangs on the Southerly glazing did not affect 
the minimum daylight factor, but did reduce the average daylight factor for the space, and 
therefore marginally improved the uniformity ratio. The daylight program analysis did not allow for 
the reduction in light transmittance due to windows being used to display pupils work, or for a 
build up of dirt on window glass. The result would seen to Indicate that at the lower limit of 
the currently permitted range of glazed area, a two per cent minimum daylight factor is probably 
unattainable without some form of roof-light. The widespread use of window glass in primary 
schools for display purposes, and the lack of frequent window cleaning, would also reduce the level 
of daylight availability. 
use of electric light. 
10.16 Figures 8.3 & 8.4 indicated the predicted increased use of electric light with the smaller 
window areas. The restriction of the Southerly aspect fenestration to 201 of the Inside area of 
the external wall standard adopted for other orientations resulted In an Increase In the predicted 
electric lighting load of some 50 kWh per class-base per annum(22%) When compared to that for a 
Southerly aspect fenestration of 401. The provision of 900 n wide projecting eaves at 2.4 a above 
floor level on the South elevation Instead of the standard 300 n eaves projection, increased the 
electric lighting loads predicted by about 71 sore or less uniformly for all the fenestration 
percentages modelled. The Increased capital and runing(revellue) costs associated with such*larger 
overhangs need to be weighed against the benefits of Improved uniformity ratios for daylight, 
reduced Incidence of glare, and discomfort from direct Insolation close to the window positions. 
In considering these results It should be bone In mind that the use of electric lighting was 
assumed to be wholly sensitive to the availability of daylight, because the algoriths(Hunt 1979) 
incorporated In the Seri-Res program on the probability of people switching lights manually Is 
known to be unsatisfactory when applied to Intermittently used spaces, such as school class-bases. 
The results therefore represent the optimum prediction. In reality the lights could be expected to 
remain On for longer periods of time. The assumption made about switching was however considered 
to be a valid means of comparing the effect of design options about the proportion of fenestration. 
orverbeating days and hours. 
10.17 y1gures 9.5 showed the number of days during the school year, when the resultant 
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temperature In the class-base studied with 201,301, or 401 Southerly aspect fenestration, was 
predicted to be 27 OC or more. This result suggested that the predicted overheating days could 
readily be controlled to within the acceptable predictable limits defined in DN17(DES 1981b) by 
natural ventilation giving 2 air changes per hour. This suggests that it should be possible to 
achieve this target with draught-free natural ventilation, providing window opening lights are 
properly designed. figure 9.6 predicted the Increased risk of overheating attributable to leaving 
lights on in a class-base with the 40t main fenestration option. The results for both Southerly and 
Westerly aspects of main fenestration are compared, and found to be similar, with the Southerly 
aspect being marginally better. The results do however indicate that although Figure 8.5 suggests 
that the number of overheating days would be relatively small and confined to within acceptable 
limits, the overheating hours predicted for these configurations are substantial. This suggests 
that discomfort will occur throughout the whole school day, and there is a need to design for over 
three air changes per hour. However this would probably prove problematic, with attendant window 
design and problems for the use of the class-base, indicating that a detailed study of natural 
ventilation, air movement and window design would be justified. 
Beating loads. 
10.8 Figure 9.7 showed the predicted space heating loads for the different orientations, and 
percentage options for sain-fenestration to the class-base. The results Indicated that for all 
orientations of win glazing, the heating loads increased directly with Increased percentage 
glazing, except for the Southerly aspect main glazing, when the predicted loads decreased with 
Increased percentage of glazing. This suggests that the best strategy In terms of sensible heating 
loads, for glazing for orientations other than the Southerly aspect, would be between 201 and 251 
of the Internal face of the external wall, and that for the Southerly aspect would be 301, bearing 
In mind the potential overheating. The beneficial effect of useful direct solar gains from the 201 
South aspect glazing can also be seen In the results for the North orientation of main glazing, 
which bettered either that for an East or West orientation. The 900 im eaves projection option on 
the Southerly aspect main fenestration option increased the heating loads marginally and 
Increasingly, once the main aspect fenestration exceeded 251 of the Internal face of the external 
wall. This suggests that for latitude and climate similar to that of Southern England, there Is 
little to be gained from having large projecting eaves for Southerly aspect facades with less than 
a 301 fenestration option, and the cost of such a provision on fenestration up to 401 of the 
Internal face of the external wall, Is likely to exceed any direct benefits In Improved daylight 
uniformity and reduced glare attributable to such a feature. 
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C. - The case studies. 
Emnosic appraisal. 
10.9 The economic appraisal of the thirty six listed case studies Of passive solar schools 
indicated that on average these passive solar schools cost a little less per square metre than the 
r. ational interquartile average for all schools built between 1986 and 1992, which implies that 
passive solar schools need not cost more in capital cost terms than ordinary school designs. The 
unit capital cost for Barnes Farm school is relatively high, because although the cost of the 
atrium Is Included, the area of the atrium was excluded from the area of the school for the purpose 
of this calculation in accordance with DFE requirements. Whereas the area of the atrium, If 
Included, would have effectively increased the area of the school by approximately 201. Overall the 
result of this analysis of the case study Information say simply reflect the fact that the s*jal 
passive solar features In the case study schools were Incorporated as part of a holistic design 
consideration. My were not therefore considered additive In any overall design sense, and were 
evidently provided without inc urr Ing cost penalties in terms of the overall capital cost of each 
school. (Table 9-1) 
Energy appraisal. 
10.10 The energy consumption of the case study schools Indicated that these passive solar schools 
perform better on average than other school designs. Overall, the passive solar designs were 
considered to be reasonably energy efficient, having a reduced energy demand and co2 emissions. 
It Is however difficult to assess on the basis of this Information, how much of the difference 
relates simply to the fact that the DN17 guidelines are out of date In terns of present day 
standards of thermal Insulation, and how much Is attributable to the passive solar design solutions 
adopted. Clearly these passive school designs were much more energy efficient than the 'present. 
guidelines require. However, figure 9.2 Indicated that there was also a marked disparity between 
some of the design expectations concerning energy consumption and that found in practice, which 
suggests that either the DN17 design fuel consumption prediction method Is Inadequate, or the use 
of the buildings was not as anticipated at the design stage. The energy consumption of most of the 
primary scimis reviewed would suggests that the present DN17(DES 1981b) guideline should now be 
amended to take account of both improved thermal insulation standards and solar gains, and permit 
a passive solar design approach as part of normal design considerations. The energy returns 
analysed Indicate performances similar to that predicted for the two atrium sdmls(figure 6.39), 
bearing in mind that the section of the Book school modelled was sevi-detatched. There would 
appear to be a case for both Improving estimating procedures and reducing the DN17 energy 
consumption target by around 301 to ensure that designers have realistic assessments and targets. 
However the anomalies suggest that it would also be prudent and sore appropriate to take some 
allowance for location, and amend the present guidelines according to latitude. 
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PART TWO : THE SOLAR RADIATION & DAYLIGHT STUDY. 
12.0 INTRODUCTION. 
12.1 From ancient times, sunlight was the primary source of light In buildings. There are many 
examples of the use of light to enhance both the external features of a building, and either 
heighten dramatic effect, or Improve the use and characteristics of an Interior space. Both 
diffuse daylight and direct sunlight have been used to heighten the awareness of form, and create 
a sense of occasion, surprise and delight. Examples of this were: the general exclusion of 
daylight and carefully timed admission of beams of direct sunlight In some of the temples of 
ancient Egypt; the subtle use of optical Illusion, as with the columns of the Parthenon seen In 
sunlight; the use of the oculus skylight and concealed clerestorey lights In the buildings of 
ancient Rome, and the coloured light from large stained-glass windows In renaissance cathedrals. 
12.2 with the building of the Crystal Palace In iron, timber, and glass, and development of the 
steel and reinforced concrete technologies, the modern movement In architecture was free to explore 
the possibilities of enclosing large volumes In glass, and -visually linking Interior and exterior 
spaces. This often produced the unacceptable Internal environsental conditions, of which there are 
all too many examples. Kinetically variable facades have also been used, which adapt to alter the 
transmittance of sunlight with time of day. Examples of these are the wholly-gla: ed geodesic dome 
designed by Buckminster Fuller for the )mrican pavilion at Expo 67,, Xontreal, with Its 
computerised sun-blinds to reduce overheating and critical cooling loads, and the Institute du 
Nonde Arab designed by Jean Nouvel, and built In Paris during 1981-87. This building has a qla: ed 
curtain-wall, overlaid with a pattern of frames, Incorporating votorised, computer controlled 
filters, to vary the admission of sunlight at predetermined Uses of the day. These dramatically 
alter the Individual patterns, whilst maintaining an overall decorative motif which alludes to 
Arabia. 
12.3 The oil crises of the 1970's were a rude awakening. EScalating energy costs gave rise 
to Increased Interest in the thermal performance of buildings. Dynamic thermal models were 
developed, and Improved thermal regulations were Introduced for buildings. The problem Is thati 
although UK schools for example, now have much Improved thermal performance, and are primarily 
0= pled during the daytime, the use of electric lighting represents a significant proportion of 
their energy loads and Cý esissions(DES 1992). The requirement to sake good use of the available 
daylight appears to have been overlooked. 
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12.4 Two basic methods have been widely used to predict the interior daylight illuminance of 
buildings. The North American empirical method of the illuminating Engineering Society(IBS), which 
was limited to specific window configurations, and predicted the daylight available in lumens on 
the window glass. The second was based on the daylight factor method, which predicted daylight 
availability on the working plane with reference to a standard overcast-sky luminance. This 
daylight factor method was the standard adopted by the Committee Internationale de FEclairage 
(CIE) for Europe, and the WE for UK school buildings. Two main criticisms of this procedure are 
that daylight factors are based on the worst-case scenario of the CIE overcast sky which is likely 
to be exceeded In practice for most of the working year, and, for present day design purposes, 
there Is a need to relate predictions of daylight in spaces used predominantly during hours of 
daylight to actual weather data for a particular location, and the hourly thermal performance of 
the building, all year round. 
12.5 There Is now an opportunity to use readily available computing power to help designers to 
sake better use of available daylight in their buildings. However, to make full use of this, it 
would be desirable to Interactively model both the dynamic thermal and daylight performance of 
building designs, for which appropriate weather files would be needed. There are two initial 
problems to be considered in this respect. The first concerns the need to establish the hourly 
values of solar radiation, and the second the need to relate this to the amount of daylight 
available. 
12.6 The spectral range used to determine the extraterrestrial solar irradiance covers the 
wavelengths from 0.25 to 25 zicrons(Fr6l1cb & Brusa 1981). However, 951 of the energy from the Sun 
Is emitted In the spectral range 0.3 to 2.4 microns, with only 1.21 below 0.3 microns and 3.61 at 
wavelengths greater than 2.4 vicrons(rqbal 1983). The pyranometers used to measure the shortwave 
solar radiation received on Earth therefore usually have a spectral range sensitivity from 0.3 to 
2.4 or 2.8 microns. The total (global horizontal) solar energy incident at a given location on 
Earth can be conveniently measured, and will comprise radiation received directly from the Sun, and 
a diffuse component, which has been scattered by the atmosphere of the Earth, and distributed over 
the hemisphere of the sky. The relative amounts of these direct beam and diffuse components are 
often needed. For example, when detailed information on solar Irradiance is required for the design 
of effective solar energy conversion devices, or the simulation of the daylight characteristics and 
dynamic thermal performance of building designs. These components of solar radiation are also 
required for horticultural and meteorological purposes. Such applications require hourlyj and 
possibly daily mean values of the components of Irradiance. However the recording of the diffuse 
and direct beam components Is more complex, and requires routine and frequent maintenance and 
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adjustments to be made, which is both expensive and susceptible to error, and therefore often 
inappropriate for unmanned or remote weather stations. Consequently the components of solar 
radiation are not measured at all weather stations. 
12.7 The visible portion of the extraterrestrial solar spectrum Is limited to the wavelengths 
between 0.38 and 0.78 microns (Henderson 1970). In the literature however, the range Is more often 
defined as between 0.39 and 0.77 microns, representing the colour span from violet(O. 39-0.455pii) 
to red(O. 622-0-77A"), with the limits visible to the average person as being between 0.4 and 0.7pv. 
In addition, the sensitivity of the human eye to light, differs significantly from that recorded 
in Joules per second or Watts per square setre using actinosetric Instruments. A different 
photometric measurement scale is therefore used to record the luminous flux In lusens to represent 
the sensation of light experienced by human beings. Lusens are therefore the units of measurement 
used In building design applications, where the quality of light within the Interior Is an 
important consideration. The illuminance (E) of a surface Is given In lux, with one lusen per 
square metre representing one lux. 
12.9 The weather files used with most building thermal simulation models Include measurements 
of Irradiance, but not those for daylight. Existing programs could be adapted to model light. 
However, although daylight Is easy to measure, particularly If global horhontal measurements are 
sufficient, the levels of daylight are not routinely recorded as the standard procedure at most 
meteorological stations. They are not therefore readily available for all locations. For 
practical reasons, therefore, it Is necessary to ask: 
Is there a satisfactory simple method of establishing the relationship between these 
components, and the sore readily available total Irradiance measurements, which are 
routinely collected at many locations during all sky conditions? 
(11) Can reasonably a ccu rate predictions of the level of available daylight be obtained from 
broadband measurements of solar Irradiance? 
12.9 Research has been undertaken In the present study to address these questions, and Lwertain 
the viability of developing a fundamental, but simple, theoretically based approach to predict both 
the components of global horl: ontal solar Irradiance and the amount of daylight available for 
clear-sky conditions, and to examine the possibility of using global horhontal Irradiance 
measurements to determine the diffuse and direct beam components of Irradiance for other sky 
conditions. 
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13.0 PREVIOUS WORK. 
13.1 To estimate the amount of solar radiation received on Earth, it is often necessary: firstly 
to be able to calculate the position of the sun relative to the location on Earth; secondly to know 
the Intensity of solar radiation outside the atmosphere of the Earth for the time and date in 
question, and possibly Its spectral distribution, and thirdly to be able to assess how this solar 
radiation will be attenuated by the atmosphere of the Earth. 
13.2 Various methods of calculating the solar position have been developed. The composition 
of the atmosphere has been studied, and measurements of atmospheric parameters analysed. A vast 
number of models have been developed to describe solar radiation received at the Earth's surface. 
These models are either theoretical or based on empirical observations. The theoretical models 
deal with the clear-sky atmosphere, and tend to be very detailed. The empirical models can be 
broadly categorlsed into those which deal with clear-sky conditions, of which there are both simple 
and complex versions, and those which are designed to cope with all sky conditions, the models for 
wbich tend to be relatively shiple. 
Calculating the solar position. 
13.3 The solar position was usually determined from standard expressions for orbital geometry 
(Rosser 1910), (Smart 1931), (Kirth 1959), and Kepler's equation of the centre, appropriately 
modified (Green 1985). Expressions for solar time to within six minutes, solar declination and 
Sun-Earth distance are available for engineering applications, using the formulae of Cooper(1969), 
which, though rather inaccurate, were reasonable for zany flat-plate solar collector applications. 
They have been widely used, having been recommended by Duffey & Beckman(1980). Spencer(1971) 
provided Fourier series to represent the solar distance, declination and time to an accuracy of: 
0.001 for the reciprocal of the radius vector squared; 0.0006 rad (<31) for declination, and 0.0025 
rad(35 seconds) for the equation of time, related to the base year 1950. 
13.4 Vant-Hull & Hildebrandt (1976) used an accuracy of 1 mrad (0.060) in their calculations for 
a solar tracking device, and Walraven(1978,1979) published an algorithm for calculating the solar 
position with a claimed accuracy of 0.01e, well within this limit. Walraven's accuracy was been 
called Into question(limservan 1981). However his procedure had the advantage that It did not 
assume that the sun will have the same position each year. Instead it relied on the sun's 
astronomical position with respect to a given point in time, by deriving simplified forms of the 
high precision calculations used In the astronomical almanac. 
13.5 For accurate work, It Is now more usual to use the approximate expression published in the 
astronomical almanac, which Is simpler than Walraven's method, does achieve an accuracy of 0.010, 
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and is valid until the year 2050(Xichalsky 1988a, 1988b, 1989). Duffet-Saith(1988) provides a 
straight-forward, step by step approach to calculating the solar position, using astronomical 
methods. However, for the most accurate calculations, the actual coefficients and values tabled 
in the almanac(Anon 1991,1992,1993) and fo m lae given in the explanatory supplement(Seldelsann 
1992),, are used to determine the solar position to a stated accuracy of 0.1 arcseconds. 
Alternative procedures for calculating solar time to within either one second, or three seconds, 
are also provided. There are therefore well established methods for calculating the solar position 
to a range of accuracies appropriate for a wide variety of applications. 
Solar radiation outside the atmosphere. 
13.6 Ground-based measurevents of solar spectral irradlance have been lade since the beginning 
of the century, and Moon(1940) produced a set of solar radiation curves for engineering use. 
Kondratyev(1972) reviewed the work to 1970 on seasuring the solar s pec tral distribution and the 
calculation of the integral Intensity of solar radiation outside the ataosphere at the mean sun- 
Earth distance for the World Neteorological organisation(WMO). 
13.7 The American Xational Aeronautics & Space Administration (XASA) used research aircraft to 
undertake a series of measurements in the spectral range 0.3 to 15 pit (Thekaekara 196s, 1969,1970) 
& (Anon 1971a). These measurements did not give Identical results, and adjustlents were made In the 
visible and near infra-red bands(Drumnd & Thekaekara 1973). The result was an extraterrestrial 
solar Irradiance value of 1353 Watts m'2, which was reported (Thekaekara 1973), and publisM as a 
standard(knon 1973a). 
13.8 There had been advances in Instrumentation since the original measurements were sade(knon 
1971b), and the calibration of the Instruments used were re-exazined at the World Radiation 
Centre(WRC) at Davros. Amended values of the spectral distribution were proposed by Fr6hllch & 
Brusa(1981)1 based on an examination of eight solar Irradiance measurements recorded from 1969 to 
19go. This resulted In a revised extraterrestrial solar Irradiance value of 1367 Watts i'2 for the 
wavelength range 0.25 to 25 microns, with the adjustment being mainly justified by the availability 
of alternative data by Neckel & Labs(1981) for the spectral range 0.330-1.270 ps. 1part from this 
adjustment, their study showed that within the uncertainty of the procedures, no change was 
detectable In the Intensity of solar radiation available outside the atmosphere at the mean Sun- 
Earth distance during the previous fifteen years. This new value, with a standard deviation of 1.6 
W 1-2 and maxim deviation of +/- 7W 3"2, was adopted for meteorological purposes as the WRC 
standard at the mean Sun-Earth distance. It Is often referred to as the $solar constant', although 
it Is possible that this value will vary. 
13.9 The geometry of the Sun-Earth relationship must also be taken into account when assming 
the amount of extraterrestrial radiation available at a particular time and season relative to a 
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Specific location on Earth. List(1951) produced a graph(figure 13.1), which shows the significance 
of this effect in relation to latitude and the month of the year. 
Figure 13.1 distribution of total solar radiation incident on a borizontal surface at the top of 
the at mos phere as a function of latitude and time of year(List 1951). 
Atmospheric attenuation. 
13.10 When solar radiation enters the atmosphere, it Is scattered and absorbed, not only by the 
atmospheric gases, but also by particles(aerosols) and clouds. The solar radiation is attenuated 
by this process, and useful numerical data on atmospheric parameters were given by Van de 
Rulst(1952) and Horak(1950). The path for radiation passing through the atmosphere is usually 
defined relative to the optical path length through the atmosphere, when the sun is at the zenith. 
It Is known either as the optical air mass, or relative air mass, and Is usually denoted by 11r. In 
simple geometric terms, the relative air mass can be considered to be equal to the secant of the 
zenith angle of the sun. However,, whilst this Is satisfactory for zenith distances less than 70 
degrees, there Is a need to allow for the effects of the curvature of the Earth and atmospheric 
refraction when calculating the'relative air mass for larger zenith distances. 
13.11 Treve(1964) reported on values of relative air mass refraction for all zenith distances 
for the 1959 UX standard atmosphere described by XInzner et al(1959), and Kasten(1966) used the 
following formula of Bemporad(1904,1906,1907) for the relative optical air mass to allow for the 
effects of the curvature of the Earth and atmospheric refraction: 
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wbere: 
Zo = scalebeigbt (homogeneous atmosphere densi typo) 
(8.4 Am) 
Po = density on the ground. kgm-3 
ho = zeni th height of a homogeneous a tmosphere. km 
re = meanzadiusof theEarth. km 
nb = refracti ve index of air at heigh t ho. 
no = refractive index at ground level. 
Ozobo = the observed solar zen! t-h distance. 
13.12 It is usual to use the refractive index for the wavelength 0.54 ps for studies In the 
visible spectrum, and 0.7 pm as being more representative of the solar spectrum for the broadband 
wavelength range 0.25 to 25 microns of the solar constant. Kasten presented tabled values of the 
relative optical air mass for the air density profile of the ARDC model atmosphere using equation 
13.1 with the refractive index n for the wavelength 0.7 pv. Kasten also provided the following 
empirical fo, m la, which gives an approximate solution to the tabled values: 
'[ sin +a+ b) -c Or (y obe) "ý 
113.21 
where: 
y. b. = observed solar elevation 
and the constants a. b, and c were given for the original table of the relative optical air sass; 
of Bemporad, and Kasten's new table. 
13.13 This approximate formula of Kasten,, Is appropriate for measurements taken at ground level, 
and was applicable to clean dry air at the standard pressure of 1013.25 abar. It was claimed to be 
accurate to within 0.11 for : enith angles up to $69, with the greatest deviation of 1.251 occurring 
at the solar : enIth angle of $9.50. The relative air mass stated for the : enith distance of 90P 
was 36.27. Water-vapour Is concentrated mainly In the lower atmosphere, and the vertical 
density profile of a water-yapour atmosphere differs from that for dry air. Kasten therefore gave 
the empirically derived coefficients for his approximate formula applicable to the relative optical 
water-vapour lass (%(, )), based on the much earlier work of Schnaidt(1938). 
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13.14 lodgers(1967) gave an alternative simple formula for the relative optical air mass, which 
Is sometimes used in the literature instead of Kasten's formula. 
'a 35 
[13.31 
(1224 COS2 ()z 
13.15 The accuracy of Kasten's fo m la at very large zenith distances was queried, and Kasten 
& Young(1999) collaborated to correct an error, which was found in the original calculation of 
Kasten(1966). The effect of their correction for the ARDC atmosphere at a wavelength of 0.7 
microns and the zenith distance of 900 produced a revised value of 37.92 for the relative air mass, 
compared to the value of 38.09 reported by Treve(1964), and the original of 36.27 given by 
Kasten(1966). They also updated the tables, and revised them to take account of the conditions 
of the ISO standard atmosphere(knon 1972), which had been adopted by the WXO because of its 
Improved air density data and height definition compared with that of the earlier ARX atmosphere. 
The corrected coeff icients(table 13.1) for Kasten's widely used approximate formula (equation 13.2) 
were calculated by Kasten & Young on this basis. 
Table 13.1 Numerical values of the constants a, b, and c. for equation 13.2 
Water relative new corrected 
Vapour aass, air wass relative air relative air 
mass sass 
Kasten tables tables 
constant 1966 Kasten 
after 1966 Kasten 1966 Kasten & 
Schnaidt after Young1972 
1939 Bemporad ARDC 
1904,1907 ISO 
a 0.05480 0.6556 0.1500 0.50572 
b (degrees) 2.650 6.379 3.885 6.07995 
c 1.452 1.757 1.253 1.6364 
13.16 It Is Interesting that, the revised 
' 
values of the coefficients by Kasten & young(1989) are 
fairly close to those derived by Kasten from the much earlier work of Besporad(1904), which was 
based on balloon soundings of the atmosphere. Young(1974) noted that substantial errors occur if 
unrefracted solar elevations are used. 
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13.17 Elterman(1969) gave the variation of ozone concentration with altitude, for average 
conditions at mid-latitudes. It was assumed that all ozone is concentrated In a thin layer centred 
at height N in kilometres, and Robinson(1966) has shown by simple geometry that, the optical ozone 








ozone is assumed to exist at an effective height of 22 h. However, the uncertainty in determining 
the thickness of the ozone layer is such greater than that In the determination of its optical 
mass. Consequently, either equations 13.2 or 13.3,, are often used to calculate depletion by ozone 
In the literature, Instead of eqn 13.4, but it should be remembered that equations 13.2 and 13.3 
assume the conditions of a perfectly vixed gas for the thickness of the atmosphere, and are really 
unsuitable for determining the atmospheric extinction due to ozone. 
13.18 A similar problem Is that, In locations affected by pollution, the attenuation of solar 
radiation by aerosols can be significant. Ball & Robinson(1992) found that this effect approached 
the magnitude of attenuation by water vapour, and could not be safely Ignored. Bowever, aerosols 
present the most uncertain of the parameters to be considered In calculating the solar radiation 
received at the surface of the Earth. There Is little empirical Information available, and 
consequently the attenuation by aerosol can only be Incorporated crudely. Equation 13.5 Is the 
method recomnded by Iqbal (1993) for calculating the aerosol optical air mass ma , but this equation 
is simply a pressure corrected for& of equations 13.2 or 13.3, and as such was not Intended -for 
aerosol# which Is concentrated In the lower atmosphere, and this too would seem to be a similarly 
unsuitable procedure. 
:2 1013.25) (13.51 
13.19 Traditionally, atmospheric extinction was measured at large tenith distances for 
astronomical applications, but this procedure Introduced a large amount of uncertainty. Howeyer, 
young(1974) demonstrated that accurate measurements of atmospheric extinction can be made without 
going to great air masses, and that such measurements are desirable. Variable extinction IS due 
to aerosol# which usually has a scale height of less than 3 kilometres, and pore typically close 
to 1.3 kilosetre. In daytime therefore, any asymmetry will be local, unless maintained by local 
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sources or sinks, and any irregularities will be carried away by wind in a sbort time. Young gives 
the example of a patcb of aerosol at a beigbt of 2 kilometres witb a wind speed of 3 metres per 
second(typical for this beigbt), and comments that the patcb will move from the zenitb to Ir =2 
In 19 minutes, mr =3 in 31 minutes, wr =4 in 43 minutes, and across the wbole sky to the borizon 
In one bour. Young concluded that values of mý =2 to or =4 (Zenitb angle = 60P to 70P), gave the 
best results wben measuring atmospberic extinction. 
13.20 The term turbidity or haziness of the atmosphere has been used to describe the effects of 
aerosol. Three empirically based procedures have been used to determine the turbidity of the 
atmosphere. Linke(1922) proposed that the atmospheric attenuation of solar radiation could be 
represented by a broad-band turbidity factor, defined as the number of clean, dry atmospheres which 
would produce the equivalent attenuation. Attenuation by a clean, dry atmosphere included Rayleigh 
scattering by molecules, absorption by the mixed gases, and absorption by ozone. The Linke 
turbidity factor relates to and is obtained from measurements for the whole solar spectrum, and the 
real atmosphere which Includes the presence of water-yapour and aerosols. Assuming that the 
Integral optical thickness of the atmosphere Is given by ka, and the integral optical thickness of 
the clean, dry atmosphere Is N, then the Linke turbidity factor by definition is: 
[13.61 
_ TL 
13.21 The value of the Linke turbidity factor has been found to vary between 1 and 10. Feussner 
& Dubois(1930) proposed a procedure for calculating the Linke turbidity factor from pyrbellosetric 
measurements. Kasten(1980,1983) updated this, and Louch et al(1986) recalculated the optical 
thickness of a clean, dry atmosphere, using the WMO standard for extraterrestrial radiation of 1367 
W i'll with the air mass for standard pressure from Kasten(1966), and the conversion procedure of 
Kasten(1980) to determine revised Linke turbidity factors. 
13.22 Xosby(1936) derived an expression for atmospheric extinction In terms of the solar constant 
and relative air mass, using an expression incorporating the turbidity coefficient of Linke(1922). 
Ig = 




x, sc solar constant 
Wm-2 
e 2.71828 
TL = Linke turbidi ty factor 
M. r = relativeairmass 
am = 0.128 - 0.054 logm (non-dimensional) 113.81 
13.23 European irradiance models commonly use Linke's turbidity factor to allow for aerosol 
attenuation, whereas American models have tended to rely on a procedure, based on spectral 
measurements, which was proposed by Ingstr6m(1929,1930) to deal with the extinction of the solar 
beam radiation by dust in the at vos phere. This was considered to be a convenient way of dealing 
solely with the amount of aerosols In the atmosphere, and Ingstr6a derived a single formula having 
a turbidity coefficient beta and wavelength exponent alpha to allow for the effects of scattering 
and absorption by all aerosols, both wet and dry, given by the following extinction coefficient, 
which is dependent on wavelength, and the si: e and vertical distribution of particles: 
kx 113.91 
The value of alpha relates to the size distribution of the aerosol particles, and could iary from 
4, when the aerosol particles are very snall(of the order of size of air molecules), to 0 for very 
large particulate size. Usually alpha has been given a value between 0.5 and 2.5. Ingstr6m 
originally suggested the value of 1.31 and the average value for Post natural atmospheres gives 
alpha as 1.3 +/- 0.5. The value of beta Is an Index of how such aerosol Is present vertically In 
the atmosphere, and varies between 0 and 1, with a more realistic measured range between 0 and 0.5. 
The wavelength Is In microns, and the transmittance of monochromatic radiation through an aerosol 
atmosphere Is then written as: 
T. 2 = e(-Px-"m-) 
(13.101 
which still has the problex associated with the detershation of the optical path length denoted 
by the relative air sass for aerosol(%), and requires measurevents, or *ore often assusptions, 
to be sade on particulate sl: e and the vertical distribution of the aerosol. 
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13.24 Xeasurements of alpha and beta have been carried out at a number of locations using a dual- 
wavelength sun photometer. The wavelengths chosen for this were usually 0.38 and 0.50 pm, because 
at 0.39 microns there Is no molecular absorption, and at 0.5 microns ozone absorption Is weak. 
When such measurements are not available, the turbidity factor beta is sometimes determined from 
the measurement of visibility In the direction of the horizon, since this information is recorded 
at many airports. XcClatcbey 4 Selby determined the following expression for visibilities greater 
than 5 )m: 
ß= (0.55)« 3.912 
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[ 0.02472 ( Visjý. -5) + 1.132 1 ( Vis*zn -0* 01 
[13.111 
where Vish = the visibility in kv, and a value for alpha must be assumed. At a fixed value of 
alpha, a low value of beta signifies high visibility. Table 13.2 gives a comparison of the 
visibility for differing values of beta with the constant value of alpha recommended by Ingstr6l. 
Table 13.2 Parameters for varying degrees of visibility, and atmospheric cleanliness. 
Atmosphere Beta alpha Visibility kv 
Clean 0.00 1.30 340 
Clear OAO 1.30 28 
Turbid 0.20 1.30 11 
Very turbid 0.40 1.30 (5 
Haurwit: (1934) concluded that, neither the Angstrom, nor the Linke turbidity factors were wholly 
satisfactory, although Frit: (1951) subsequently acknowledged that, they were still the best 
available method of determining the turbidity of the atmosphere quantitatively. Although the Linke 
turbidity factor has subsequently been used extensively as a parameter to compare cloudless 
atmospheric conditions, Louche et al(1997) found that It varied with air mass, when atmospheric 
conditions remained constant. 
13.25 The third procedure for determining the turbidity of the atmosphere was proposed by 
Sch0epp(1946), who based his empirical relationship on the direct spectral Irradiance measured for 




Ba =p 26 log e 
and, for average atmospheric conditions, the Ingstr6m value of: 
a=1.3 , 
gi ves: Bs = 1.069 
The Ingstr6m coefficient is therefore the vost widely used of all the turbidity coefficients, and 
unlike the others, may be used in the calculation of spectral direct and diffuse Irradiance, but 
as with the others, it is not considered a particularly satisfactory solution. 
12.26 The scattering and absorption of solar energy by clouds has been studied by zany writers. 
The early researchers assumed an upward and downwards flux of energy could be calculated using a 
scattering coefficient, which would apply throughout the cloud thickness. Rewson(1943) reviewed 
the early work, and computed values for the albedo of cloud, which ranged from 1.41 for very thin 
to 93.61 for thick clouds, and absorption ranging from 0.11 to 6.71. There was a lack of agreement 
between theoretical work at that time and observations, and Nelburger(1949) used pyrhelloveters 
mounted on a blimp to record the upward and downward flux of shortwave radiation above, within and 
below stratus clouds In California, and to attempt to measure the drop she and liquid water 
content of the clouds. Although there were problems with regard to the experimental procedure 
used, the Neiburger reported that as expected the albedo of cloud varied with thickness. The 
absorption recorded for all observations was however small, and averaged 71. Frit: (1954, 
1958) showed that there was a marked variation In the albedo of clouds In respect to solar : enith 
distance, especially for thin clouds, that the scattering characteristics vary at different levels 
within thick clouds# and that the percentage of absorption varies and depends upon the Intensities 
of the spectral distribution of Irradiance at the top of the cloud, Indicating a dependence on the 
water vapour and scattering characteristic of the overlying atmosphere. The effect of cloud Is 
significant. For example, It has been estimated by Rees(1990) that, at any one time, about half 
of the Earth Is covered by cloud. Rees also reported the probability that, the LANSAT remote 
sensing satellite, which 'visits each location every sixteen days, will only obtain cloud-free 
readings of a particular location In the UK once per year, and readings with only one elghth(l 
okta) of the sky covered by cloud only twice per year. 
13.27 In terms of the overall effect of atmospheric attenuation, Houghton(1986) Indicated that 
for a vertical column of the atmosphere, about 401 of the Incident ultraviolet solar radiation is 
lost, whereas less than it Is lost In the Incident Infrared part of the solar spectrum. Houghton 
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also pointed out that on average, allowing for changes in solar elevation and the differing 
wavelengths, about 131 of Incident solar radiation is Rayleigh scattered, about half of which is 
returned to space, and half reaches the surface of the Earth as diffuse radiation, and Lacis & 
Hansen(1974) provided an expression to relate the amount of Rayleigh back-scattered solar radiation 
to the angle of Incidence. 
THWRRTICAL MODEIS. 
13-29 Following the work of: Stokes(1852) on polarisation of light; Strutt(1871,1885,1899, & 1918) 
on the atmospheric molecular scattering and polarisation of light; the basic equations governing 
Rayleigh's problem for the case of the multiple scattering concerned in the Illumination and 
polarisation of the sunlit sky, were developed by Cbandrasekbar(1950), and Chandrasekhar & 
Elbert(1951,1954). They gave precise solutions for the effect of perfectly conserving multiple 
molecular scattering on a direct beam of solar radiation In a plane parallel atmosphere. 
13.29 Deiniendjian & Sekera(1954) applied Chandrasekhar's clear sky, solution for the 
monochromatic radiative transfer problem In a plane parallel atmosphere, under the assumption 
according to Rayleigh's law. They derived expressions for the relative total, and diffuse 
radiation received on a horizontal surface, as a function of normal optical thickness and 
Inclination of Incoming parallel radiation. Corrections were also expressed to deal with ground 
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Figure 13.2 VARIATION OF NUN SKY RADIATION FOR THE MEE SPECTRAL RANGES SHOWN, WITH SOLAR ZENITH 
DISTANCE. 
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13.30 They computed the amount of global and diffuse radiation for clear-sky conditions, as a 
function of wavelength and solar zenith distance (zenith angle), using the curve of 
Nicolet(1951a, 1951b) for the spectral distribution of solar radiation outside of the atmosphere of 
the Earth (extraterrestrial). They also compared their theoretical results with those of 
Bernbardt(1952,1953), who used simplif ied assumptions about successive orders of scattering. (Figure 
13.2) 
13.31 They found that the calculation of absolute global and diffuse radiation from 
Chandrasekhar's procedure, integrated over the range 0.29 to 4.00 microns was In good agreement 
with measurements under clear-sky conditions. However, the method used Involved a considerable 
amount of analytical and numerical processing, and did not allow for the effects of attenuation by 
dust and large particles (aerosol) or clouds. Sobolev(1963) gave special attention to the Earth's 
atmosphere, and diffuse radiation, to determine Its optical properties. This method also required 
considerable analytical processing, and Is also confined to clear-sky conditions. 
13.32 The presence of clouds and aerosols Introduce lie scattering and absorption by particles, 
which further complicates the calculation procedures, and sake It difficult to calculate, measure 
or predict this effect. A general framework and theoretical basis for such work was set out by 
Goody(1964), and Paltridge & Platt(1976). Bowever, for practical reasons, a simplified method to 
estimate the direct bean, diffuse and the total amount of Irradiance Is also required, which can 
deal with all sky conditions. 
EKPIRICAL WMEIS. 
13.33 Five main categories of empirical model can be Identif led for Partitioning total broadband 
solar radiation into the direct beas and diffuse components. One concerns the modelling of clear- 
sky Irradiance, three relate to the way In which the effects of cloud are treated as a function of 
the fraction of sunshine, or cloud amount, and whether total cloud, or cloud layer amounts, are 
considered. The fifth uses the statistical relationship between measured and computed values of 
Irradlance for all sky conditions. 
clear-sky sodels. 
13.34 Mosby(1936) derived an empirical, non-spectral expression for the ratio (DII, ) of the 
diffuse component to total global Irradiance for a cloudless sky as a function of solar elevation: 
ldc 
= DRc = 0.12 + 2.4 (y) ig-c 
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13.35 Klein(1948) observed that, although widely used, Nosby's Pon-spectral expression for the 
ratio of dif fuse radiation to total radiation was known to be unsatisfactory for general use, 
because It was based on the assumption that scattering by water vapour and dust is constant. 
Klein modified the expression of Nosby to allow separate factors for scattering by air and water- 
vapour molecules, and the depletion of solar radiation by dust. in doing so, Klein also employed 
the simplification proposed by Kimball(1935), who assumed that: 
about half of the radiation lost from the incoming rays through scattering and diffuse 
radiation Is finally received at the ground as diffuse radiation from the SkYt and 
all sky radiation is concentrated near the sun, and has the same angle of incidence as the 
direct beam radiation. 
13.36 Klein's study used meteorological data for Blue Hill, Xassacbusetts, categorlsed for 
different cloud density and relative air mass to derive an empirical equation which expressed the 
cloudless-sky transmission for location elevations of between 300 and 9,00 metreS, as a linear 
function of the solar : enith distance and logarithm of solar elevation. 
13.37 Xuch later, Nottel(1976) proposed a simple method of computing the amount of beam radiation 
which Is transmitted through a clear atmosphere. The method employed used the IMMN-2 computer 
code of Selby & XeClatchey(1972), and took account of the solar zenith distance, the site altitude, 
and assembled data on the absorption and scattering coefficients of the components of the 1962 
American standard atmosphere(XoClatchey et al 1972). The clear-day all wave-length 
transmittance of solar radiation to a surface was found to f it a simple mixed grey gas model with 




Tb = ac, + a, e cog (13.141 
Hottel's method Included correction factors, to allow for different climate types. The constants 
for an atmosphere with 5 ka visibility were given, and those for 23 km visibility haze were: 
0.4237 - 0.00821 (6 -hkm)2 
0.5055 + 0.00595 ( 6.5 -h Am )2 [13.151 
0.2711 + 0.01858 (2.5 - hkm )2 
where N, z altitude of the observer In kv, and the correction factors for climate type(table 
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Table 13.3 Correction factors for climate type. 
[13.16] 
Climate Type cfo cfl cft 
Tropical 0.95 0.98 1.02 
Kid-Latitude Summer 0.97 0.99 1.02 
Sub-Arctic Summer 0.99 0.99 1.01 
Kid-Latitude Winter 1.03 1.01 1.00 
13.38 The clear-sky beam Irradiance (Icb) on a horhontal surface was considered to be described 
by the expression: 
(13.171 
Icb 2-- Ion Tb cos 19x 
13.39 Lui & Jordan(1960) analysed 149 solar Irradiance data points Of the study by Moore & 
Abbot(1920) of 28 clear-days at Bump Mountain, Worth Carolina, and found a linear relationship 
(figure 13.4) between the transmission coefficients for bean radiation and diffuse radiation: 
ld 
- 'Cd = 0.2710 - 0.2939 rb TO 113.181 






and Ion direct beat normal extraterrestrial irradiance. (w i, 2) 
Ibn= direct beat normal terrestrial irradiance. (W i-2) 
10 = direct bean extraterrestrial irradiance on a borizontal surface. (W i-2) 
Ib = direct beam terrestrial Irradiance on a borizontal surface. (W 
'd = diffuse irradiance on a borizontal surface. (W i-2) 
This expression is often used together with that of Hottel (eqn 13.17) to calculate the direct 
beam, diffuse and global Irradiance for clear skies. Hottel's work was only tested against an 
empirically based quasi-physical model computer code. 
13.40 The ASHRAE technique for estimating solar radiation under clear-skies was developed by 
Stephenson (1965,1967), based on the earlier work of Threlkeld & Jordan (1958). An even simpler 
method was developed, for the ASME standard atmosphere, by Farber 4 Morrison(1977), which enabled 
the estimated hourly irradiance for a given day to be simply read from a graph of insolation as a 
function of solar zenith distance. This particular ASHRAE model was popular with beating 
engineers. Powell(1982,1984) evaluated and improved the more detailed ASHRAE model, which required 
a clearness number to be assessed, which had caused problems. The model improvement proposed by 
Powell Incorporated Rodger's expression for relative air mass(eqn 13.3), and the elevation 
correction factor given In Halther & Nartin(1957) of: 
pr [IL -( 
h )]5.257 [13.191 
44308 
where Pr Is the ratio of the station pressure to the standard pressure, and h is the height of the 
station In metres above sea level. Powell reported a significantly Improved performance for his 
modified AME model. Rowever,, Galanis & Chatingy(1986) conducted a review of the model, which 
was critical of Its limitations and the Inconsistencies between various versions of the ASHRAE 
model, and made recommendations to further Improve the performance In use. 
13.41 A number of more detailed clear-sky models have been produced, which attempt to estimate 
the transmittance, absorption and scattering of the beam radiation to enable the direct bean and 
diffuse components to be quantified more precisely. Most are very similar, have only minor 
differences, and are really variations on the same theme. They use either modifications and 
refinements of the same or a different empirical relationship for the same atmospheric parameter. 
Some use either a single broad-band,, a narrow-band, or two bands of the solar spectral range to 
compute certain transmittance values. Iqbal(1983) categorised the work on this type of quasi- 
physical model Into three representative model types: A, B, and C. Gueymard(1993) reviewed their 
performance, and added a two-band variant of his own, which is referred to here as type D(See 
Appendix B). It Is useful to comment on these, before considering other types of model. 
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Clear-sky attenuation of direct bean normal irradiance: detailed model types A to D. 
13.42 Nodel type A was based on the work of Davies et al(1975) and Paltridge & Platt(1976), with 
developments by Suckling A Hay(1976), Davies & Ray(1979), Dayies(1980) and MAchler(1983), and was 
given by: 
I= Isc ( To "vr -a 'ca . bn - (13.20) 
wbere Ise is the solar constant, and absorption by water vapour was defined as: 
aw =1- Tw [13.211 
and based on a correlation by Lacis & Hansen(1974) tO f It the curve of Yanamoto(1962). The 
absorption by ozone was also based on a correlation of Lacis & Bansen(1974) for: 
ao = ao (VIS) + ao NO [13.221 
The attenuation by Rayleigh scattering was quantif led, using the correlation of DaYles et 31(1975), 
and the transaittance coefficient used for aerosol attenuation was that obtained from 
mAchler(1983), which Incorporated the turbidity coefficient Of Angstr6m. 
13.43 Model type B related to the work of Katayana(1966)? Sasasorl et al(1972) and 
Royt(1978,1979), In which separate values were formulated for the transmittances or absorptances, 
for precipitable water, carbon dioxide, oxygen, ozone, Rayleigh scattering, and the scattering and 
absorption by aerosols. As in model type A, absorption by water Yapour was based on the work of 
yamalloto(1962). In this model two separate expressions were presented for absorption by carbon 
dioxide and oxygen, which combine to give the absorption by a uniformly mixed gas. Absorption by 
ozone was calculated using the method described In Manabe & Strickler(1964). To calculate the 
effect of Rayleigh scattering, a spectrally 
Integrated function, f(iy), of the air mass, was 
tabulated. The values of f (mr) vary from 1 to 0.937, to represent the Initial depletion of shorter- 
wavelength radiation, and the correspondingly reduced fraction of scattering per unit air lass for 
the longer path lengths from wr -0 to 4. Iqbal(1983) Incorporated a formula by Mchler(1983) to 
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provide values of f (m, ) to within 0.21 of the tabled values. The treatment of the ef feet of aerosol 
attenuation in model type B also relied upon the use of the Angstr6m turbidity coefficient, but it 
was dealt with in two parts, representing scattering and absorption. 
13.44 Nodel type C evolved from the work of Bird & Hulstrom(1980), who compared a number of 
direct insolation models with a model called SOLTRAN by Selby & McClatchey(1975), and Selby et 
al(1978), in order to develop the LOWTRAN computer code for atmospheric transmission of solar 
radiation. They introduced some new expressions for the transvittances(Bird & Hulstron 1981), but 
kept the form of their model more or less the same as the model types A&B. However, SOLTRAN was 
only concerned with the spectral interval 0.3 to 3.0 microns, and the NASA value of 1353 W m-I was 
used for the solar constant. The direct normal irradiance was therefore given as: 
[13.23] 
Ibn =0.9662 Iscrr -rc, -rgas Tw Ta 
Iqbal(1983) introduced two changes. The first adjusted the factor 0.9662 in equation 13.23 to 
0.9751 to allow for the revised value of 1367 W i'l for the WNO solar constant. The second was the 
use of an absolute pressure corrected air xass for the calculation of precipitable water. 
13-45 The Nodel type D by Gueynard(1989), follows the work of Lacis & Hansen(1974) & Paulin(1980) 
on the absorption of solar radiation. In this model the UV-visible and Infrared bands of the solar 
spectrum are considered separately in respect of molecular scattering, and water vapour and Nixed 
gas absorptions respectively. The direct normal irradiance for each band is given as in eqn 13.23, 
but with an appropriate factor to adjust the solar constant as appropriate for each wayeband. As 
with model C, This model is largely based on LOWTRAN. The transmittance in the infrared band due 
to water-vapour was taken from Leckner(1978), but the relative air mass used in the model was 
calculated from the approximate formula of Kasten(1966), which was derived for the broadband solar 
spectrum and is therefore not strictly applicable to this model. The model also relied upon the 
use of the Angstr6m turbidity coefficient in calculating the effect of aerosols. 
Comparison of the method of calculating the clear-sky diffuse irradiance: model types A-D 
13.46 In all four iWels, the Diffuse irradiance is given by: 
[13.24] 
Id ý Xdr + Xda + Xdm 
where: rdr is the diffuse irradiance due to Rayleigh scattering, and is calculated more or less in 
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the same way for all four models; Ida is due to scattering by aerosols, which is virtually the same 
for models A&B; and Idm represents the diffuse irradiance from multiple reflections between the 
surface and the atmosphere, which is handled sivilarly for model types BAC, and sodel D uses the 
solution of model A. 
Clear-sky global horizontal irradiance: Podel types A to D. 
13.47 For model types A to D, the global horizontal irradiance is computed from: 
[13.25] 
Ig ý lbn COS Ox + 'd 
where 19= global horizontal irradiance. 
Performance evaluation: detailed clear-sky models. 
13.49 lqbal(1983) compared the results of the three detailed clear-sky model types A, B, and C, 
based on a standard set of assumptions for a particular location. The results obtained for solar 
noon are given in the following table, but these results were not validated against observed 
values, and simply emphasise the commonality of the development lineage of the models. 
Table 13.4 Irradiance in Watts per square metre. (Iqbal 1983) 
2 
Irradiance in W/ it for clear-sky model types 
A B C 
1 888.48 $51.92 896.44 
on 
Ib 450.90 432.35 454.90 
Idr 47.67 38.55 33.66 
1 38.47 41.49 39.85 
da 
Idl 9.08 6.13 8.59 
Id 95.22 86.17 81.80 
ig 546.12 518.50 536.80 
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13.49 Iqbal's results also indicated that there was hardly any difference in the performance of 
the models for the calculation of direct beam normal irradiance for all zenith distances, but there 
were significant differences In the values of diffuse and therefore global irradiances predicted 
by each model type. The degree to which the model outputs varied depended on the assessment of 
atmospheric turbidity. 
13.50 Louch et al(1989) re-examined the performance of the clear-sky model types A, B&C. They 
compared the predicted results with data for Carpentras in Southern France. A value of 0.95 was 
assumed for the single scattering albedo of aerosols. They calculated the relative mean bias error 
and root mean square error, from the following expressions: 
calcul ated- measured 




RSME _(calculated measured. total number of datapoints [13.271 
Loucb et al concluded that the amendment of 1qbal(1983) to the factor of 0.9662 to 0.9751 in 
Equation 13.23 was justified by Improved accuracy of prediction. All the models were considered to 
be In need of further improvement. Their overall conclusions on comparative model performance are 
listed In table 13.5. 
Table 13.5 Comparable accuracy of clear-sky models 
Model A Worst prediction of diffuse & global. 
Model B Worst prediction of direct beam normal. 
Best prediction of Diffuse and global. 
Model C Best prediction of direct beam normal. 
This was an Interesting result, suggesting that a hybrid model, which combined the best features 
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of these models might be an appropriate developient. 
13.51 Gueyzard(1993) evaluated the performance of eleven clear-sky models (table 13.6), and 
compared the predicted beam, diffuse and global Irradiances with measured data from a total of 
seven sites located in Belgium, Canada, France, India, Swit: erland and the USA. Gueysard concluded 
that: 
type D, C, EEC, & the PSI 1-band model performed best, having aW error below 61 for 
global irradiance, and below 91 for bean Irradiance; 
many of the models suffer from various Input lialtations(RAC, JOS, & ASME), and some 
flaws in certain conditions(IQA, JOS, & C); 
(Iii) POW is not an improvement for the ISRAE model, although claimed to be; 
(IV) atmospheric effects were not always modelled correctly, and 
(V) accuracy is mainly dependent on the modelling of water vapour absorption, and more 
importantly that of aerosol extinction. 
13.52 These clear-sky procedures to calculate Irradiance were all somewhat complex. They 
required a number of measured atmospheric parameters, and were dependent on assumptions about other 
atmospheric parameters. They were developed for very good reasons, but being dependent on empirical 
relationships based on the statistical analysis of measurements at particular locations, say 
thereby have Introduced latitude dependence, and degrees of uncertainty. 
All-sky condition sodels: 
13.53 models, which are required to deal with all sky conditions must take Into consideration 
the effect of clouds In the atmosphere at a given time and location. There are an enormous number 
of papers published In which an empirical model Is proposed to deal with the prediction of either 
the total global bori: ontal, or the components of solar radiation for all-sky conditions. most of 
these fall into one or other of the following four categories of model: 
those which rely on sunshine records to determine the cloudiness of the sky; 
models wbicb require a record of the extent of cloud cover; 
(Ili) models Involving calculations based on the records of the layers, heights and types of 
cloud, and 
(IV) statistical models, based on an analysis of the relationship and characteristic 
distribution of the components of Irradlance. 
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Table 13.6 Clear-sky models considered (Gueymard(1993b) 
Ref Xodel Xodel development. 
Type 
XAC A Davies et al(1975), Paltridge I Platt(1976), Suckling & Ray(1976), 
Davies 4 Hay(1978), Davies(1980), Davies & McKay(1982,1989). 
IQA Iqbal(1983). 
Jos Joseffson quoted in Davies et al(1988). 
IQB B Katayama, A(1966), Sasamorl et al(1972), Hoyt(1978.1979), Tqbal(1983). 
IQC C Bird 4 Hulstrom(1980), rqbal(1983). 
X&I XAchler 4 Iqbal(1985). 
ASMZAE ASHRAE Anon(1976), Galanis & Chatigny(1986). 
POW Powell(1992). 
EEC EEC Page(1986). 
M2 D Gueymard C(1989) 
PSI 1 band Gueymard C(1993aj. 
Sunshine: 
13.54 Angstrom(1924) was the first to suggest a linear relationship between total daily global 
radiation and sunshine duration, calculated using the ratio of the recorded number of sunshine 
hours to the maximum number of sunshine hours possible on the day and place in question. His 
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expression depended on the assessment of a value for the global radiation for a perfectly clear 
sky, which has to be interpolated, and a transmission coefficient for shortwave radiation through 
a cloud cover of average thickness. 




prescott(1940) modified the Angstrom formula, replacing the clear sky Irradiance, 9 C9 by the known 
shortwave radiation received at the top of the atmosphere, HO known as the Angot value. This gave 
the well known and widely used formula: 
Hg = H. a+bn,, 
) 113.291 
ITS 
where the coefficients a and b, respectively, are the fractions of radiation received at the surface 
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Figure 13.3 DEPENDENCE OF a AND b COEFFICIENTS ON REUTM SUNSHIxE DuRATION. 
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13.55 Three methods have been proposed to measure the coefficients a and b, as follows: 
Black(1954) calculated the average value for the coefficients from assessments of them at 
thirty two stations worldwide (between 350S 16509), and assumed that this average, giving 
a=0.23, and b=0.48, would be an acceptable approximation for latitudes in this range. 
Penman (1956) calculated the coef f icients from observations in England and Ghana , and found, for both locations, that a=0.18 and b=0.55 and suggested that these values could have 
general application. 
Reltveld(1978) found that 'a' is related linearly, and IbI is related hyperbolically, to 
the appropriate mean value of n /N , as shown in figure 13.3, but acknowledged 
that there 
was not enough data available to support that this conclusion was of general validity. 
Amount of cloud: 
3.56 Kimball (1919) noted the relationship between insolation and the extent of total cloud cover 
In the sky besispbere and proposed a linear correlation of the form: 
N= 
a2 - b2 C 
[13.30] Tro 
where C= the monthly average fraction of the daytime sky obscured by clouds. 
13.57 Black(1956) then analysed data froz various stations around the globe, and proposed the 
following relationship: 
N=0.803 
- 0.340 C-0.458 C2 wi th C -1 0.8 [13.311 7T0 
13.59 The weakness of these methods relates to the inherent observational difficulty of 
estimating cloud cover, the variable effect which similar values of general cloud cover can have 
on recorded values of insolation, attributable to which part of the sky is cloudy, and the type, 
height, and layer effect of the clouds. Kasten & Czeplak(1980) concluded that transmissivity for 
high clouds Is about three times greater than that for low clouds. Cloud layer models consider 




11 (1- TI(c) C, 
Iw I-n 
wbere: 
Ci cloud avount, corrected for overlap effects 
as per Davies et al(1975). 
ri(c) = transmissivity of an Individual cloud layer. 
Dc nutber of cloud layers observed 
(13.321 
13.59 Models have been developed to estimate the total global borhontal Irradiance, which 
require an assessment to be made of the transmissivity of the cloud f leld, the transmission through 
blue sky, and the effect of multiple reflections between cloud layers, and the clouds and the 
ground(Davies & McKay 1992). They have the form: 
Inc 





pq = ground albedo. 
p= atmospberic reflectivity for surface reflected solar radiation. 0 
HCg = tbeoretical cloudless-sky global Irradiance. 
13.60 The problem with this expression, as with that of the unmodified Ingstr6m equation 13.28, 
is the reliance upon a theoretical assessment of the clear-sky total daily global horhontal 
Irradiance (Hcg) In this procedure. 
13.61 The amount of water vapour In the atmosphere Is a seasure of what Is available to become 
cloud. The amount has been correlated to the surface dewpoint temperature Tdp. Bolsenga(1965) 
proposed the following expression for the natural logarithm of the precipitable water vapour w(in 
centimetres of water equivalent) In the atmosphere, In terms of the surface dew point temperature, 
using data for North Hampshire. 
ln w=0.077 Tdp + 0-12 (13.341 
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However, the coefficient of correlation stated was only 0.85. 
13.62 The link between the surface dewpoint and the water content of the atmosphere suggests a 
similar relationship between surface conditions and the occurrence of cloud. However, 
Linacre(1992) tested the hypothesis that afternoon cloudiness is likely to be greater when the 
surface temperature Is nearer saturation. Linacre used data on cloudiness and on the difference 
between T,,, and Tdp, but found a poor correlation, implying that the occurrence of cloud depends 
on other factors in addition. 
13.63 Atwater i Ball(1976) reported differences of no more than It between model estimates of 
Insolation, which use precipitable water from sounding data and model estimates using an empirical 
function of surface humidity. However, as Davies et al(1988) observed, this agreement did not 
necessarily arise because the empirical formula estimated precipitable water accurately, but that 
it estimated It sufficiently accurately, bearing in mind that the cloud layer model estimates of 
global radiation are not particularly sensitive to a substantial error in precipitable water(Davies 
et al 1975). 
13.64 Camps & Soler(1992) used a method originally developed by Anderson(1970) for mean daily 
values. They assumed that the Anderson method, which consisted of subtracting the irradiances 
absorbed and scattered by the atmosphere from extraterrestrial solar radiation, would be 
appropriate for predicting the diffuse component from integrated values of hourly observations, 
when modified to Isolate the effects of atwspheric turbidity separately from: absorption by 
water vapour and ozone; cloudsl and attenuation by Rayleigh scattering. They intended the model 
to be used for all-sky conditions, but only presented the case for cloudless skies, due to the high 
percentage of error found In predicting diffuse irradiance for other sky conditions. Their 
conclusion was that It was difficult to accept a single solution for clear and cloudy 'sky 
conditions. 
13.65 Satterlund & Neans(1979) presented a model for estimating daily total solar radiation by 
taking account of scattered radiation from clear-skies and reflected and transmitted radiation from 
clouds. The model failed to yield any reasonable estimate of measured mean daily solar radiation, 
which Indicated that something was wrong either with the model or the cloud cover data. Their 
solution was to modify the cloud cover data to conform with sunshine records, after Thompson(1976). 
The results were then considered more acceptable, suggesting either that the general cloud cover 
data was unreliable, or there was a need to model cloud layers separately. Kamada 4 
Flocchlnl(1984) Investigated the detailed modelling and treatment of clouds to determine radiant 
transfer above and below the cloud layers, and consider cloud height effects. They found that 
there was too large a margin of error In assessing cloud cover, which adversely affects the 
validity of this type of model. 
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Statistical Wels: 
13.66 Klioball(1919) found the ratio of the direct component of sunlight on a horhontal surface, 
to the total global borhontal radiation, to be a function of the solar : enith distance. 
13.67 Fritz (1951) gives the results of Klioball(1919) for the relationship between the solar 
zenith distance,, and the ratio of direct radiation on a horizontal surface to the global 
horizontal, illustrated in table 13.7 Fritz noted that similar values were reported by 
Linke(1943), who used measurements made using narrow spectral band Instruments, to show, as one 
might expect, that the ratio of the diffuse component to the global horizontal Increased when the 
atmospheric turbidity was high. Fritz observed that It would have been desirable to measure the 
ratio for non-spectral radiation with varying atmospheric transmissions, or turbidity factors, to 
establish the statistical relationship. 
Table 13.7 1wr 9 as a function of solar zenith distance. 
ez degrees 30.0 
1 
48.3 60.0 66.5 70.7 73.6 75.7 77.4 78.7 79.9 
Ib Ig 0.94 0.84 0.80 0.78 0.76 0.72 0.69 0.67 0.65 0.63 
13.68 Lui and Jordan analysed the daily man solar radiation clear-sky data for Blue Hill, 
Massacbusetts(Lui & Jordan 1960), and proposed a linear relationship between the following: 
transmission coefficient for Instantaneous diffuse radiation defined as the ratio of the 







the equivalent transmission coefficient for Instantaneous bum radiation defined as the 
ratio of the direct beam component to the extraterrestrial Irradiance for either a 
horizontal surface or normal to the angle of Incidence. 
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xx 
Tb b bn 
X0 Xon [13.361 
They obtained a linear best fit to their data by the least squares method(figure 13.4), and 
proposed that the resultant expression, with an estimated probable error of 0.0052, would be 
applicable to all locations, having similar atmospheric dust content and surface albedo to Blue 
Hill, Nassachusetts(42013'N). 
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Figure 13.4 THEORETICAL & EXPERIMENTAL RELATIONS BETWEEN THE INTENSITIES OF DIRECT & DIFFUSE 
RAD IATION ON A HORIZONTAL SURFACE FOR A CLOUDLESS ATMOSPHERE AT 1463 NETRES ELEVATION. 
(Lui & Jordan 1960). 
6 
KEY: m= relative air mass. 
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They also considered the relationship between daily diffuse and daily total radiation on clear and 
cloudy days, and iponthly average daily total and diffuse radiation, and developed relationships 
based on a diffuse ratio(ý), and cloudiness lndex(]ý) for the sky where: 
H DR = 
Ld 
KT _q Hq HO 
113.391 
They analysed the insolation measurements taken at Blue Bill,, Xassachusetts during 1947-1956 to 
identify the days in a particular month, on which the average daily total radiation was within a 
small interval of values. Approximately ten such values were obtained for each month from the ten 
year data set. They used a solar constant value of 2.0 ly iW1,, and calculated the atmospheric 
transmission coefficients for the global horizontal Irradlance, which they called the cloudiness 
Index KT (clearness Index). They plotted this against the Kosby(1936) ratio of diffuse to global 
horizontal irradiance(figure 13.5), and suggested that this would be applicable to all locations 
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Figure 13.5 The ratio of the daily diffuse radiation to the daily total radiation as a function 
of the cloudiness Index 1ý. 
13.69 Cboudhury tested this procedure, using vid-latitude weather data for New Delhi, and 
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reported generally good agreement (Choudhury 1963), although the diffuse ratio was higher than 
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Figure 13.6 STATISTICAL RELATIONSHIP BETWEEN DIFFUSED AND DAILY TOTAL RADIATION. (Choudhury 1963) 
13.70 Ruth & Chant tested the Lul & Jordan method, which used the old day of the month to 
calculate the extraterrestrial daily total Irradiance, using Canadian data, but found undesirable 
scatter. They revised the procedure to calculate the daily value of Ho, which improved the 
correlation accuracy, using data for Toronto(430491N), Montreal(45030'N), Goose Bay(530181N), and 
Resolute Bay (740431N), and found the results for Toronto and Nontreal were almost identical, those 
for Goose Bay were scattered around them, and Resolute Bay results were far above the others(Ruth 
& Chant 1976). They concluded that, although the Lui & Jordan method produced excellent 
correlations, It was not universally applicable., and showed a latitude dependence, contrary to the 
views of Lul & Jordan(1960). They recommended the use of locally determined correlations, and 
produced the following correlation for use If this was not available, but did not publish their 
coefficients, which are however given In lqbal (1979). 
H 
Djt d=0.98 for K.. <=0 -1 Hg 
Hd 
=23 DR = Hq 
0.910 - 1.154 Kr - 4.936 KT + 2.848 Kr, 




= Kr HO [13.401 
13.71 using a revised value of the solar constant of 1.94 ly vifi'l,, Klein(1977) calculated the 
correlation coefficients for the Lui $ Jordan curve as: 
113-411 
-ld 
= 1.39 0-4.027 K7. + 5.531 K72 - 3.108 K73 7T9 
13.72 Collares-Pereira A labl(1979) used data from five stations In the USA, and obtained the 
following correlation: 
-Ed 
. 0.9_9 for K.: ý 0.17 
Trg 
Td 
- 1.88 - 2.272 + 9.473 K72 - 21,856 Kr3 + 14.648 K14. Trg 
for 0.17 c Kl.: 9 0.8 
113.421 
They compared their results(f1gure 13.7) with the correlations of both Lul & Jordan(1960), and Ruth 
& Cbant(1976). Although their study was based on a very limited sample of data, their result was 
almost Identical to that of Ruth & Chant. They reported that although the diffuse measurements 
taken at the Blue Hill observatory had not been adjusted to allow for the effect of the shade-band 
used, and Lul & Jordan(1960) had not allowed for the need to make any compensatory adjustment, the 
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Figure 13.7 Variation of the ratio between daily total diffuse radiation and the clearness index. 
13.73 The Lui & Jordan correlation was based on daily rather than the more useful hourly values 
of Insolation. Orgill & Hollands(1977) adapted the Lul & Jordan procedure for use with hourly 
values using measured data for Toronto to produce the following correlation: 
Id 
= 1.0 - 0.249 Kt .............. far K. < 0.35 , yg- 
Xd 
1.557 - 1.84 Kt ....... for 0.35 < Kt < 0.75 yg- 
[13.431 
Xd 
0.177 ...................... for K. > 0.75 x 
where: 
I-q 
- Kt [13.441 10 
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They used 12,704 bourly values for this data fit, and noted that: 
only 5.61 of the data was for relatively clear periods with some cloud cover(Kt > 0.75), 
and assused that there were errors in this set of the data; 
32.41 of the data was for extrevely overcast days(O (- F(0.35) with over 901 of the 
total Insolation being diffuse, and they assused that 
týs; 
e values were affected by 
instrusent sensitivity(figure 13.8). 
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FIGURE 13.8 COMPARISON OF ORGILL & bOLLkNDS CORRELARION WITH TUT OF LUI & JORDAN AND OF RUTH A 
CHANT. (Orgill & Hollands 1977) 
They concluded that their correlation ao=ately represented the diffuse Irradiance between 
latitude 430 North and 540 North, and recomnended an hourly vid point value for extraterrestrial 
radiation to reduce cotputing time. 
13.74 Erbs et al(1982) developed a correlation from a relatively small data base comprising the 
combined data from four locations. They used the Orgill & Hollands method, but they Included an 
hourly percent of possible sunshine as a parameter In their correlation expression to reduce the 
standard deviation of the hourly diffuse fractions from the predicted values which would otherwise 
occur, without this adjustment. They found (f Igure 13.9) that, their results were essentially the 
same as those of Orgill & Hollands(1977). They also used Australian data to test for global 
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Figure 13.9 Comparison with the correlations for kT of Erbs et al(1982) and Orgill & Hollands(1977). 
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Figure 13.10 Comparison of the correlation of Erbs et al (1982) with the hourly data for Highett, 
Australia. 
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13.75 They concluded that: 
(I) while the uncertainty in the estimated diffuse fraction for an hour period Is significant, 
they considered that their correlation accurately predicted the long tern average hourly 
diffuse irradiance, and 
(11) only the long tern relationship between the diffuse ratio and the clearness Index, and not 
the random nature of Individual hourly values appeared to be Important. 
However such a conclusion pre-supposes that accurate individual hourly values are unimportant, and 
that their hourly prediction method Is limited to predicting monthly mean values. Perhaps this Is 
an inevitable consequence of using such a curve fitting procedure on data with wide variations In 
hourly values. 
13.76 Muneer & Saluja(1996) used the Orgill & Hollands hourly procedure to produce a new 
correlation between the clearness Index and diffuse Index using UK data: 
'd 
= 2) 3 
113.451 
a, + (a Kt) + (a t t) . fozK, > 0.2 79 23K; + 
(a4e 
where the coefficients a, 7a4 vary according to location. They provided a correlation with an 
estimated error of +/- 51 for Easthampstead(51P231H), which Is close to the sites of both the atrium 
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The correlation bad the form: 
-rd = 0.784 + 2.420 Kt + (-7.9.9.9 Kt2) + 5.110 Kt3; for K, > 0.2 
[ 13.461 
ney adapted it for use with inclined surfaces, and to take account of ground albedo(Saluja & 
Xuneer 1987,99). Nuneer(1987,1990a) then extended and revised the study to include additional UK 
, locations, and (Muneer 1990b)amended it further in the developing a model for applications in 
Europe. 
13.77 Overall, there have been a considerable number of attempts to apply the Lui 4 Jordan daily 
mean method and correlation, and the Orgill & Hollands adaptation of it for hourly irradiance, 
using observations recorded at various locations throughout the World. Most researchers have 
proposed new correlation equations, because of the lack of a satisfactory fit to their data. This 
suggests that the Lui & Jordan method, and the Orgill & Hollands adaptation of it, are not 
universally applicable as often considered. 
Evaluation of all sky condition models: 
13.78 Davies et al(1988) assessed the suitability of each of the four categories of empiripal 
model Intended to deal with all sky conditions, for the International Energy Agency. They used ten 
basic models(Table 13.8), and meteorological data from f ifteen locations from Australia, Europe and 
the United States of America. They found that: 
the procedure of Reitveld(1978), for estimating variable values of the a and b parameters 
In the Angstrom equation for sunshine duration models, did not improve upon the radiation 
estimates based on that of Page(1961), who used fixed parameter values; 
there was little to recommend such sunshine-based models, even though the Angstrom equation 
can be fitted to local climate data by regression analysis, since this did not ensure 
reasonable accuracy of prediction for another place, or time within the same locality; 
cloud layer models were superior to general cloud models, and should be used for estimating 
total global irradiance, preferably for periods longer than a day to provide acceptable 
results; 
(IV) cloud model rankings for estimating bourly or daily global radiation were the same; 
(V) statistically based models were best for estimating direct beam and diffuse components, 
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and the difference In uncertainty between then and cloud layer models for daily estimates 
is about 251, however they cannot have general applicability, because they are 
statistically based; 
monthly estimates from the cloud layer and statistically based types of bodel, have 
comparable a ccu racy; 
generally the performance of all the vodels tested was not good, which, they concluded, 
may Indicate that the present Wels are close to the linit of prediction, and 
(vill) guidelines are tberefore required concerning the pervissable level of accuracy of radiation 
estimates. 
13.79 The examination of these models by Davies et al concluded that statistically based viodels 
were best for estimating direct bean and diffuse components. However It Is worth noting the 
results of lqbal(1983), who used meteorological data for Nontreal to determine the a ccu racy of 
predictions of hourly diffuse radiation, based on the statistical model correlations of Orgill A 
Hollands(1977), Erbs; et al(1982), and Spencer(1982), which did not distinguish between different 
values of solar altitude, and those of Boes et al(1977), and lqbal(1990), which allowed separately 
for the effect of low sun angles. 
13.80 rqbal's comparison demonstrated the difficulty Inherent In predicting the diffuse component 
from global radiation measurements for Individual hours, (Table 13.9) and established, that none of 
the correlations were satisfactory, except under completely overcast conditions, when most yielded 
good results. Iqbal concluded that considerable work and a completely different approach Is 
required to solve this problem. 
TABLE 13.8 LIST OF MODELS )MESSED. 
No Model Type 
Page(1961) Sunshine hours. 
2 Reltveld(1978) 
3 Barbaro et al(1979) 
4 Xontelth(1962) Total cloud. 
5 Kasten(1993) 
6 Davies & NcKay(1992) Cloud layer. 
7 Josefsson(1985) 
8 Orgill S Hollands(1977) Statistical. 
9 Collares-Perefra & Rabl(1979) 
10 
---A 
Erbs et al(1992) 
gEy: Ia both hourly A daily versions. 
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Hour end Measured Montreal 
-2 -1 ki mh 
Percentage difference from correlation of: 
June Ta a b c d e 
7 07.00 711 401 -39.9 -43.6 -48.2 -59.9 -45.6 
10 16.00 2176 607 0.0 - 9.4 -16.9 -28.7 0.0 
11 07.00 335 329 - 4.8 - 1.8 -15.2 0.0 - 1.5 
M: a= Orgill & Hollands (1977) d= Boes et al, (1977) 
b= Erbs et al (1982) e= Iqbal (1980) 
c= Spencer (1982) 
13.91 It was evident from the literature that, problems have been found in relation to all the 
types of insolation model considered. The theoretical models are very detailed, and work well for 
clear-sky conditions, but are inappropriate for general application or for all sky conditions. All 
of the empirical models, though developed for good reasons, have been found to be in need of 
improvement, somewhat Inaccurate for hourly predictions, and generally unsuitable for global 
application. There does therefore seem to be a need for a new, simpler method, and one which is 
preferably physically based. 
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MIGHT. 
13.92 In view of the lack of general availability of photometric data, two aspects of the work 
on solar radiation and daylight are of particular Interest. These concern the conversion of solar 
radiation measurements Into pbotoptic measurements, and the distribution of light In the sky 
hemisphere. 
converting radiation measurements. 
13.83 A large number of researchers have studied the relationship between solar radiation and 
the equivalent amount of available light(the luminous efficacy of sunlight). The luminous efficacy 
K is the quotient of the luminous flux by the radiant flux In lumens per Watt. Experimental values 
of K have been obtained by simultaneous measurements on a specif led plane, for either the whole sky 
besispbere, or specific parts of the sky, and for the global, or the direct and diffuse components. 
13.04 As a design aid, Moon(1940) produced empirical spectral distribution curves for sunlight, 
which indicated an almost constant luminous efficacy of about 117 In Irl for solar altitudes greater 
than &,, decreasing to 90 In Vr1 at a solar altitude of 7.5P. Whereas Pleijel(1954) analysed data 
for Stockholm, and reported that, the luminous efficacy of clear and overcast skies vary very 
little with solar altitude, but there was a marked decrease In the luminous efficacy of direct 
sunlight for solar altitudes less than 30 degrees. However at the same time, Blackwell(1954) used 
measurements for Kew to show that, for global horizontal radiation under clear-sky, average-skies, 
and overcast conditions, the luminous efficacies were 119 4/- 21 116 +/- 7, and 120 +/- 5 lusens 
per Watt respectively (after deducting 51 for instrument calibration error). For average skies, 
the vininuavalue for this study was 105 In Vr1 In Narch to around 129 In 0 In September. Kimball 
had previously suggested(List 1951) a luminous efficacy variation from 100-112 In krl with solar 
altitude of 15-650, which was larger than that recorded by Blackwell for Kew. 
13.85 Drunond(1959) recorded natural Illumination and Insolation data at Pretoria (latitude 25P 
451 S) for one year In 1955, and compared the results for four Individual months to demonitrate a 
seasonal variation In luminous efficacy for different sky conditions (table 13.10) with those 
reported for Kew(Blackwell 1954, Blackwell S Powell 1956), Vienna(Sauberer 1956), Tashkent (Lopukh In 
1953), and Washington (Jones I Condit 1948). Drummond only published mean monthly values for both 
clear and overcast sky conditions. 
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Table 13.10 Seasonal variation of luminous efficacy of daylight at selected places(Drummond 1959). 
Luminous efficacy Im /W 
Location Sky condition Mar June Sept Dec mean 
Pretoria 
clear 106 99 103 108 104 
25o 451 S 
overcast 106 102 105 110 106 
Washington 
380 561 N average cloud 101 106 116 95 105 
Kew 
51o 281 N 
clear 112 122 129 106 117 
Vienna 
48o 151 N 
average cloud 122 128 122 ill 121 
He did however propose(figure 13.12) that, for clear-sky conditions, the higher values of luminous 
efficacy occurred, when the air was relatively moist and absorption of infrared radiation would 
have been higher. He did not however explain fully the experimental procedure used, the 
relationship between the insolation and daylight measurements and precipitable water soundings 
taken, or the method used to obtain the values plotted. Although the results for monthly means 
from the northern hemisphere are compared directly with those for identical calendar months at 
Pretoria In the southern hemisphere, no assessment was made of the effect of latitude. He 
attributed the relatively higher values for Kew(Blackwell 1954)ln figure 13.12, to the likelihood 
of there being a much higher aerosol content for the atmosphere at Kew, compared to that at 
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Figure 13.12 Relationship between luminous efficacy In lumens per watt, and the atmospheric 
moisture content In cm of precipitable water, obtained from radio sound I ngs (Drummond 1959). 
13.86 By the early 1960's, there was renewed Interest by design professionals In the assessment 
of daylight In buildings, and the report of the Illuminating Engineering Society (Anon 1962) 
contained the following luminous efficacy values: 
Table 13.11 Luminous efficacy of daylight. 
source of observation lusens per Watt 
Direct sunlight(solar altitude 7.5 degrees) 90 
(solar altitude > 25 0 degrees) 117 
(suggested sean efficacy 100 
150 




13.87 Bennet(1962) reviewed the work of Boyd(195s) and Drummond(1959) on the relationship between 
daylight and solar Irradiance. Commenting on the analysis of Boyd, who proposed a linear 
relationship between daily total global Illuminance and Irradiance, Bennet noted that, the data for 
washington DC(flgure 13.13) was the only data for which coincident radionetric and photometric 
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readings bad been taken, and that the wider study by Boyd was therefore weakened. With regard to 
the work by Druionond(1959), Bennet noted the use of montbly 10ean values, and lack of any 
statistical, day by day evaluation under all sky conditions, and concluded that, this work was of 
limited usefulness. 
Table 13.12 List 4 type of luminous efficacy research reviewed by Llttlefairý1985). 
Type By Location 
I Anon(1984) 
3,4 Arual-Koa(1981) Golden, USA 
2,3,4 Ayindli(1981) 
I Ayindli(1994) 
3,4,5,6 B&rtaneva & Poljakova(1968) Repotake 
6 Bennet(1962) USA 
3,4,5,6 Blackwoll(1966) Kew, UK 
2,3 Chandr&(1980) Roorkee# India 
4 Chroacicki(1971) Warsaw & Stockholm 
2 Dognioux(1960) Uccle, Belgium 
Dognioux & Lsmolne(1976) 
DOV&n & V-rochman(1974) 
3,4,5 Drussond(1954) vratorla, S Africa 
2,3,4,5 Evnavlch & Mikollakaya(1976) Moscowr Itussia 
2 Gillette & Traodo(1984) Gaithersburg, USA 
6 Goldberg & Savikoakij(1968) Ninsk, Pinsk 
V&Ailovici 
6 liazdamir(1984) Ankara, Turkey 
3,5 rrochnan(1964) USA 
a, d Krochman(1970) 
2,3,4 Kuhn(1973) Antarctic 
2,3,4 Liabolt(1978) Karlsruhe, Germany 
4,5 Lofborg(1976) Stockholm, Sweden 
2v3 XcCluney(1984) 
2 Wavvab at &1(1983) San Francisco, USA 
5 Page(1984) 
1,3 Page A Thompoon(1962) 
2,3,4,5 Potorson(1982) Vaerlosev Denmark 
4,5 Rattundo(1980) Berlin, Germany 
2,6 Saito at &1(19$3) 
2,6 Shukuya A Kim ura(1990) Tokyo, Japan 
2,4 Schultze(1970) 
KEY: I= extraterrestrial; 2= direct sunlight(clear-sky); 3= diffuse sunlight(clear-sky); 
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figure 13.13 Insolation vs Illumination for Wasbington DC. (Bennet 1962, from Boyd 1958) 
13.89 Later, Littlefair(1985) reviewed the work of the various researchers on the luminous 
efficacy of daylight-listed In Table 13.12, noting that a standard deviation error of +/- 5 to 101 
would be a reasonable assuzption for the global efficacy measurements reviewed. Table 13.13 lists 
the values for the luminous efficacy of extraterrestrial solar radiation presented by a number of 
researchers. 





Scbulze(1970) 98.0 98.0 
Dovan & Krocbnann(1974) 87.7 * 92.7 
Page & Thompson(1982) 96.8 96.9 
Anon(1984), IES, North America. 94.2 94.2 
Aylnll(1994) 79.8 ' 97.8 
KEY: incorrectiy quoted in original paper. 
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13.89 With regard to the work on terrestrial values, Littlef air reported his overall conclusions 
that the efficacies measured varied with solar altitude. For direct sunlight, luminous efficacy 
increased noticeably with solar altitude(70-105 lz W'1), and for diffuse skylight, the average 
luminous efficacies range from around 130 lm W-1 for clear-skies to about 110 Im W-1 during overcast 
sky conditions. Whereas global efficacies were approximately 105 lm W-1 for both clear-sky and 
average cloud conditions. 
13.90 Unfortunately, although this is a very useful review paper, Littlefair does not disclose 
bow the above figures were arrived at, and it is difficult to see how these conclusions were 
reached, in view of the large differences within and between the measurements of the authors of the 
papers reviewed in each category(table 13.14). 
Table 13.14 Luminous efficacies in lumens per Watt. 
Luminous efficacy la /W 
Source Range reported Littlefair 
(Table 13.12) (1985) 
Clear-sky Direct 21-109 
Clear-sky Diffuse 84-146 14 130 
Clear-sky Global 77-119 2 105 
Overcast-sky 60-121 7 110 
Average cloud Global 90-126 105 
Average cloud Diffuse 98-129 
13.91 Littlefair's main conclusions were that: 
the luminous efficacy of direct sunlight exhibiýjd the 
'V 
eatest variation, Ind increased 
with solar altitude, typically from 55-90 lm W at 10 1 to loo-lio im W- at 
600, and 
should also increase with atmospheric water content, but decrease with aerosol content; 
the efficacy for clear-sky diffuse lig 
_ýt 
was generally higher than that of direct solar 
radiation, usually around 120-140 is W- , and usually there was no obvious 
dependency on 
other atmospheric parameters, except perhaps a slight decrease with increasing sOlar 
altitude; 
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the efficacy for global radiation under clear-skies followed the same trend as or direct 
solar radiation, but with a much less marked variation, typically 95-115 In w*[; 
(iv) overcast skies have luminous efficacies of around 105-120 In W'I, with little or no 
variation with solar altitude; 
(V) under partly cloudy conditions, luminous efficacy might be expected to be between the 
values for overcast and clear skies, and have a linear relationship with cloud ratio, and 
(vi) average values of luminous efficacy lie In the range 100-115 In Irl(global), and 105-120 
Is Irl (diffuse), depending on climatic conditions. 
13.92 Nore recently, Littlefa Ir(1988) presented the results of measurements of the luminous 
efficacy of daylight, taken over one year at Garston, In the UK, and reported that the Carston 
study contained large experimental errors In respect of direct sunlight efficacies. Littlefair 
considered that these might %ask any variation there might have been with atmospheric aerosol or 
water-yapour content. The errors for the efficacies measured for global horizontal sunlight at 
Carston were assessed as RME r- St. Figure 13.14 Illustrates the variation of the measured luminous 
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Figure 13.14 Direct solar luainous efficacies measured at Carston plotted ag3inst solar 
altitude. (Littlefair 1989) 
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The overall conclusions of Littlefair's review have been compared(table 13.15) with his tore recent 
UK study. 
TABLE 13.15 Luminous Efficacy of Dayligbt in lumens per Watt. 
Luminous efficacy of daylight lm /W 
observation 1985 1988 UK 
review study 
direct sunlight with solar altitude 70-105 
00 
direct(solar altitude of 10 - 60 70-95 
diffuse sunlight for clear-skies 130 144 
diffuse sunlight for overcast skies 110 115 
global sunlight for clear-skies 105 107 
global sunlight for average-skies 105 109 
13.93 Although a number of studies of luminous efficacy at various locations around the globe 
were reviewed, it was apparent that there does not yet seem to be a standard solution to this 
problem. It seems clear that the results on the assessment of extraterrestrial luminous 
efficacy are reasonably consistent, whereas the terrestrial results are inconsistent, and recorded 
values are known to vary with season, sky condition and with the hour of day, to a variable extent, 
depending on sky condition. This particular research into terrestrial values of the luminous 
efficacy of sunlight has concentrated on the analysis of empirical data, and not on the development 
of a suitable physical model. 
Sky luminance models. 
13.94 On the question of the variation in the luminance of the sky hemisphere, measurements have 
of course been taken since the early part of the century (Kimball & Hand 1921), and as 
Hopkinson(1966) pointed out, the measurements taken up to the early 1960's In this type of study 
confirmed the accuracy of the formula of Pokrowski(1929) for the prediction on cloudless days of 
the relative Illuminance distribution of the clear-sky. Pokrowski obtained an approximate 
solution, by applying the principles of Rayleigh scattering of light, and allowing for secondary 
scattering by larger particles such as atmospheric dust. His formula gives: 
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1- cos 01 
where: 
Ey =luminance at elevation abovehorizon. lux 
E. 1 uminance at the zeni th. 1 ux 
0 angular distance of point: sun. 
p., =primary scattering coefficient= 0.32. 
p2 = secondary scattering coefficient (varies: dustcontent) 
Measurements taken indicated values of p2 In the range 0 to 5. Hopkinson(1954) compared the 
measured clear-sky values for Stockholm with the prediction using Pokrowski's fomla(fiqure 13.15) 
and reported good agreement. Kittler(1965) amended PokowskIls formula to give an Improved 
diffusion Indicatrix: 
o E, 
(l -- E-)) (0.91 + 10 e 
(-36) + 0.45 COS2 0) e( 6"Ly 113.481 
and this resulted In a more accurate prediction of the luminance distribution of the bright aura 
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Figure 13.15 Comparison of the blue-sky luminance measured at Stockholm along a great circle 
through the zenith and sun with that predicted by the Pokrowski fo m Ia. 
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13.95 The measurements made around the globe under a fully overcast sky demonstrated that the 
luminance distribution for this sky-condition also conformed to a pattern. The brightest part of 
the sky was at the zenith, and the luminance decreased to the horizon, where the level recorded was 
about one third of that at the zenith. Moon i Spencer(1942) proposed a formula to determine the 
sky luminance at any angle of elevation: 
Ey = Ez 
1+2 sin y 
3 
where: 
Ey =luminance at the Z of elevation lux 
E_- =1 uminance at the zeni th 1 ux 
y=Z of elevation 
[13.49] 
13.96 Their formula lacked any allowance for the effect of ground albedo, the need for which was 
later clearly demonstrated by Fritz (1955), and confirmed empirically by Petherbridge(1955). However 
the Commission Internationale de lleclairage (CIE), adopted it, unamended, as the standard overcast 
sky(Anon 1955), which was then used in the method of assessment of daylight In buildings, which was 
fully described by Walsh(1961), and Hopkinson et al(1966). 
Table 13.16 Models reviewed(Littlefair 1993) 
No Model Reference/note 
1 CIE clear-sky model Kittler(1967), Anon(1973b) 
2 CIE overcast-sky Hopkinson et al(1966) 
3 Gusev clear & CIE overcast Anon(1973b) 
4 Quasi clear S quasi overcast Littlefair(1993) 
5 ASRC/ CIE Perez et al(1990), (1992) [combines 1,21 3 with that 
of Nakamura et al(1986)] 
6 Perez all-weatber sky Perez et al(1990), (1993) 
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13.97 Littlefair(1993) used measured data to evaluate six models, by the authors listed In Table 
13.16, which were designed to predict the hourly variation of sky luminance distribution. He found 
that the sunny skies in the UK appeared to be sore anisotropic than the standard CIE clear-sky 
model, and models 3,4, and 5 performed best. There were substantial predictive errors found In 
many of the models tested, and Littlefair suggests that the results of the current CIE sky 
luminance measurement programme should enable luminance models to be further developed and tested. 
conclusions arising frov this review of the literature. 
13.98 Overall, it appears from the literature that: 
there are satisfactory methods of calculating the solar position, and the optical path 
length of the atmosphere for solar radiation; 
empirical methods of measuring atmospheric attenuation due to water-yapour, clouds and 
aerosol involve a large degree of uncertainty; 
although very complex, the physical models of monochromatic solar bean radiation transfer 
In a Rayleigh clear-sky atmosphere work well, but the problem has not been solved In this 
way for all sky conditions; 
empirical Insolation models abound for both clear-sky and all-sky conditions, and of these 
the statistically based models have been found to be the Rost accurate, but they have a 
marked latitude dependence and an unacceptable degree of error In terms of hourly 
predictions; 
(v) there Is no satisfactory, simple, physically based model, which has universal application, 
to enable the solar global borhontal Irradiance, and Its direct beam and diffuse 
components to be predicted with reasonable accuracy on an hourly basis; 
although there Is no agreed international standard for the lushous efficacy of solar 
radiation, the studies on extraterrestrial solar radiation have provided reasonably 
consistent results; 
the studies of the luxinous efficacy of sunlight at the Earth's surface have resulted in 
a wide range of results; 
(vill) a number of sky luminance distribution models are available for various sky conditions, 
and the CIE Is currently engaged on a detailed programme of sky luminance measurement in 
an effort to provide better Information, and Improved modelling, since the present 
Information and models are not yet considered entirely satisfactory, and 
there Is as yet no satisfactory method available to enable reasonably accurate predictions 
to be made of the level of daylight to be obtained from broadband seasureuntS of solar 
Irradiance, for any location, season, and time of day. 
13.99 Consequently research has been undertaken In the present study to ascertain the viability 
of developing a fundavental, but simple, theoretically based approach to predict both the 
coypnents of global horhontal solar Irradiance and the asount, of daylight available for clear-sky 
conditions, and to exailne the possibility of using global horhontal Irradiance beasurevents to 
detervine the diffuse and direct bean cosponents of Irradiance for other sky conditions. 
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14.0 THEORY. 
Variation of extraterrestrial solar radiation. 
14.1 From the review of the literature it was clear that, the amount of solar radiation, which 
reaches the atmosphere of the Earth in the course of one orbit of the Sun, is known to Vary 
shusoidally during the year, as a function of the geometry of the Earth's orbit around it. There 
Is also a diurnal variation, which is a function of the rate of rotation of the Earth, the latitude 
of the location, and the continuously changing orbital declination. This local variation can be 
represented as a function of the cosine of the zenith distance, which varies with time. The three 
factors which cause the variation relative to a particular location on Earth are therefore: 
latitude; orbital geometry, and the zenith distance for the time on a particular day. 
Atmospheric attenuation. 
14.2 The amount of extraterrestrial solar radiation is reduced by the effects of the atmosphere 
of the Earth. For clear sky conditions, the extinction is caused by the scattering of incoming 
radiation by air molecules and aerosol particles(haze and dust), the effects of reflection(albedo), 
and selective absorption. During other weather conditions, depletion of the solar radiation also 
occurs due to the effects of water vapour, and cloud. 
Nodels required. 
14.3 Since the effect of location, orbital geometry and time can already be modelled to a range 
of accuracies to suit most applications, the problems, which have still to be resolved are: 
how to model the clear-sky attenuation of direct beam solar radiation by the atmosphere 
In a simple way, which has a physical basis and permits the components of insolation to 
be quantified; 
how, for other sky-condItions, to extend the scope of the model to one which only depends 
on the need to measure global horizontal Irradiance to allow an approximate prediction of 
the diffuse and direct WE components of irradiance , and 
(111) how to determine the amount of daylight available using such a zodel. 
Considerations for a simple physical model. 
14.4 Consider a unit of thickness of the atmosphere. If the fraction of radiation transmitted 
through one unit Is r, then the fraction transmitted through an atmosphere of two units thickness 
Is represented by r2, and four units of thickness by r4. Therefore, the variation of transmissivity 
with optical path length Is exponential in character. The fact that the Earth is roughly 
spherical, and spins on an axis which Is tilted in relation to the plane of the Earth's orbit 
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around the Sun, results in a significant variation In the geometric thickness of the atmosphere 
during the course of a day, and from season to season, In relation to the angle of Incidence of 
sunlight. In terms of the atmosphere of the Earth therefore, the path length Is usually defined 
relative to the thickness of the atmosphere at the unith. This atmosphere thickness depends on 
latitude, making this parameter of great significance for the development of a universal Wel. 
The effect of latitude and orbital geometry on relative optical air mass Is Illustrated in Appendix 
C. The effects of the curvature of the Earth and refraction also become Increasingly significant 
in determining the path length of the solar radiation, according to whether the sun Is close to the 
position directly overhead(zenith), or on the horhon. The clear-sky atmospheric attenuation, 
or extinction of solar radiation for any specific location, should therefore be directly In 
proportion to the changes In the path length through the atmosphere, which occur throughout each 
day, and from season to season, as a result of the rotation of the Earth and the combined effect 
of spherical and orbital geometry. The overall effect of atmospheric attenuation can actually be 
ascertained by comparing surface measurements with the calculated Incident extraterrestrial 
Irraidiance. 
14.5 In reality the atmosphere Is not of course homogeneous. It Is however common for It to be 
modelled as a plane parallel atmosphere with layers of different density and Infinite lateral 
extent, because the depth of the atmosphere Is relatively small compared to the radius of the 
Earth. It Is also usual to assume that the Incident radiation Is a parallel beam, since the Earth 
Is such a great distance from the Sun. These assumptions greatly simplify calculations. Now 
suppose that the layers of such an atmosphere have the characteristics of a grey gas in terms of 
radiative transfer, and consider the Intensity of a monochromatic beas of radiation Incident on a 
layer of the plane parallel grey gas atmosphere of thickness dx(Figure 14.1). Then It might be 
reasonable to define the decrease in Intensity of the radiation transmitted through the layer by 
an extinction coefficient due to absorption by the gas layer. Assuming that the gas layer was 
uniformly absorbing throughout Its thickness, this could be written as: 
k). X). dx 
where: 
114.11 








Figure 14.1 Absorption of radiation by grey gas layer. 
14.6 It might also be reasonable to assume that the equation could be integrated between the 
distance limits o and x to give: 
x d IjL f kjL dx 
and therefore 










and, since the transmittance of a medium is defined as the ratio of energy transmitted to that 
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14.7 Clearly, for the Earth's atmosphere, the thickness of the gas layer relative to the 
equivalent thickness at the zenith will directly affect the amount of radiation transmitted, so 
equation 14.5 Is written as: 
, r;. =e-k, ' m,, 
[14.61 
14.8 In considering a grey gas application, It Is usual to assume that the radiation, which Is 
not transmitted is absorbed by the medium, so that 
a. t ýI- Tt [14.71 
14.9 the following problems occur In relation to equation 14.7 If applied to this application: 
Equations 14.6 and 14.7 are sisply an application of the Beer-Bouguet-Laabert's law, which 
Is appropriate for a condition where absorption takes place, but not scattering, and 
whilst these expressions are for monochromatic radiation, and night reasonably also apply 
to radiation In a waveband over which the extinction coef f Icient k Is constant, or for the 
case of single scattering, because the concentration of scattering centres is so small that 
a quantuz is unlikely to be Intercepted more than once, they do not apply either to the 
broadband of the solar constant spectrum, or In the case of multiple scattering. 
14.10 In considering the transmittance of the atmosphere of the Earth, there Is a need to address 
the probability that, the condition of multiple scattering will occur and should be accounted for, 
and that extinction coefficient (k) Is unlikely to remain constant. However the treatment of 
multiple scattering Is very complex, because an allowance must be made for scattering In all 
directions, backwards as well as in the forward direction of the beam Irradiance, and If k depends 
on the beam direction, then the angular distribution and polarisation of the scattering must also 
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be taken into account. This very intricate problem was solved by Chandrasekhar(1950), with the 
angular distribution of scattering being defined in terms of the Stokes parameters. Such detail 
is Inappropriate in a simple model, and an alternative way of considering the effect of multiple 
scattering is required. 
14.11 Consider a very much simplified case for multiple scattering, where k is independent of 
the beam direction, and the attenuation coefficient is therefore expressed as a function of a 
scattering-ref lection coefficient (p), to represent the probability of an intercepted quantum being 
reflected, and the extent of the resultant back-scatter, assuming that half of the intensity of the 
Incident radiation will be reflected backwards, and half forwards (Kimball 1935). Then the probable 
absorption after the first scatter could be expressed as: 
a). = (1 - 2p) - e- 
k, %M, 
and after N orders of scattering as: 
[14.8] 
ajL = (1 - 2p) '-e -kAm, [14.91 
In such a case of multiple scattering, the transmittance of the incident beam becomes: 
'Clb ý e-km, = (I - 2p)N- a [14.101 
the scattered diffuse transmittance Is given by: 
`1ý1 
'rld = (P)" - ad [14.111 
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and global homontal transsittance Is then given by: 
Tg = Tb + Td [14.121 
14.12 In the context of assessing this approach to modelling it say be possible to use a 
simplistic check. On the assumption that the experimental results for normal Incidence reported 
by Feynun(1985) on the probability of the reflection of a photon of light by molecules are 
applicable to this case, suppose that when solar radiation Is Incident on a layer of atmosphere of 
unit thickness that, on average, the probability of broadband Rayleigh scattering was between 3 and 
41 at normal Incidence. Since the effect of very high orders of scattering are less signif Icant, 
assume that the multiple scattering which occurs can be represented to say up to four orders of 
scattering, and that about one half of the Rayleigh scattered radiation Is directed out to space, 
and the remainder Is available to be received on Earth as diffuse radiation or partly absorbed, and 
that equations 14.10, and 14.11, have been Integrated for all wavelengths. on the basis of these 
assumptions, the estimated clear-sky transmittances given by equations 14.10 to 14.12 would of the 
order of: 
z, b = 0.867 - ab 
'rcf = 0-068 - ad 
, rg = 0.935 - (ab + ad) 
The esissIvity of long wave radiation by the atmosphere due to absorption of radiation Is Ignored 
In this model for shortwave radiation. On the stated assumptions therefore, about 6. $j of the 
Incident shortwave radiation would be expected to be reflected out to space as a direct result of 
Rayleigh scattering, which Is not dissimilar to the 6.91 reported by Coulon(1959), or after 
allowing fully for absorption, the 6.221 mean broadband value Integrated over all the angles of 
Incidence reported by Lads & Hansen(1974), and the 6.51 reported by Houghton(1986) with a 
resultant 131 attenuation of the bean radiation for the atmosphere of unit thickness. This suggests 
that the basic assumption of the method about the separate allowance made for scattering and 
absorption, and the simple approximation used here sight be reasonable. 
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14.13 For a Rayleigh clear-sky, the absorption effect is mainly confined to the ultraviolet end 
of the spectrum, which though important and involving high energy quanta, contains only a 
relatively small proportion (9.031) of the total energy of the extraterrestrial solar spectrum. 
Absorption Is relatively slight(it) in the infrared part of the spectrum, under these assumptions 
about the atmosphere, but it can be significant, because almost half (46.41) of the total energy of 
the solar constant value is represented in this part of the spectrum. The broadband integrated 
value of the absorption coefficient appropriate in the assumed circumstances is therefore likely 
to be small(3.71), and equation 14.13 would give global transmittance as 0.898 and thus an 








Figure 14.2 Diagram of a simple model of clear-sky atmospberic scattering, absorption and 
transmittance. 
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14.14 The obvious problems here are, the assumption concerning a broadband assessment of the 
probability of scatter, the simplistic treatment of the limiting case of Rayleigh scattering using 
a fixed reflection coefficient, which Is neither properly related to the angle of Incidence, nor 
representative of normal sky conditions, and the need to establish the broadband absorption 
coefficient for the appropriate sky condition at the time In question. The scope of such a model 
therefore needs to be extended In order to deal effectively with broadband scattering and 
absorption for all forms of scattering and sky conditions. In the literature such sodels have 
tended to employ empirical relationships for separate atmospheric processes. The difficulties 
created by that approach have resulted In the Introduction of large degrees of uncertainty, and the 
development of overly-covpler, quasi-physical models, which appear to display a degree of latitude 
dependence. Alternative statistical relationships have been studied and correlations produced, 
which were found to outperform other types of model, but nonetheless have significant Inaccuracy 
and latitude dependence, as confirmed by the validation study of Davies et al(1998). 
14.15 For clear-sky conditions, the erpression of Lacis & Hansen(1974) provides a correlation 
relating to a geometrically based method of calculating the atmospheric albedo for solar radiation 
In relation to the angle of Incidence as follows: 
0.28 
(1 + 6.43 Cos Ox) [14.15) 
14.16 This approach say possibly overcome the problem of determining the variable value of the 
scattering-reflection coefficient In relation to the angle of Incidence, but the effect of 
Increased path length would also need to be taken into account. Cloudy conditions would be such 
sore difficult to model, but the broadband transmittance of the atmosphere under all conditions of 
scattering and weather can be readily calculated from the ratio of global horhontal Irradiance 
observations to the predicted equivalent extraterrestrial irradiance. It Is probably reasonable 
to assume that the boundary conditions are likely to be represented by the clear-sky and the 
overcast-sky. In view of the general availability of global horhontal Irradiance measurements, It 
gay be an advantage if this physically based approach to simple modelling for clear-sky conditions 
could be modified to take account of apparently clear-sky conditions and the available global 
horhontal Irradiance observations for both cloudy and overcast conditions. The clearness Index 
(Kt), given by Ig/lo Is an Indication of the transmittance of the atmosphere. it Is presulably 
reasonable to assume that the diffuse transmittance during overcast-sky conditions Is represented 
by Kt, when Kt ( 0.51 and therefore that under these conditions the diffuse ratio would be 
approximately equal the clearness Index, giving: 
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Kt =I -q 0 
Id 
XO XO 
for Kt :90.5 
(14.161 
The questions to consider, arising from this assumption, are whether equation 14.16 can be shown 
to be reasonably correct for an overcast-sky, and also to provide an approximate prediction of the 
diffuse ratio within this range of the clearness index under cloudy conditions. Similarly, one 
might assume that If the clear-sky condition represents the upper boundary condition, then for more 
normal sky conditions, the value of Kt might be incorporated into an equation based on apparently 
clear-sky conditions in order to obtain an approximate value of the diffuse ratio. 
Proposed simple model. 
14.17 Suppose therefore a possible simple broadband model having the relationship of the form: 
Ae -kinz [14.171 
where: 
, rgm 
L for varying optical path length mr 10 
and the coefficient A Is a scaling factor, based on the transmittance of radiation in a clean dry 
Rayleigh atmosphere with an air mass of unity. The extinction coefficient (k) relates to the total 
depletion of the Incident radiation from scattering and absorption for the same atmosphere. The 
value of the scaling factor A would be expected to vary from the combined effects of changing angle 
of Incidence and absorption due to the varying path-length. Similarly the extinction coefficient 
k should vary In relation to both the effect of scattering and absorption. The coefficients A and 
k of Equation 14.17 could therefore be defined as: 
(ab+ t%cf) Mr 




on the stated assumption that the atmospheric albedo due to back-scattering of shortwave solar 
radiation for clear-sky conditions is equal to that scattered In the forward direction and Included 
in global horizontal Irradiance, then: 
Io = -rg + -rd + ad + ab (14.21) 
and under these assumption the diffuse fraction of the global clear-sky irradiance sight reasonably 
be estimated by: 
Tdm =I-B- Tgm (14.221 
where: B= ab + ad m ab + a±p 
14.18 The value of the coefficients A and k In equation 14.17 can be calculated from equations 
14.19 and 14.20 respectively, using the assessment of absorption given in paragraph 14.13, which 
was derived from the published data on the solar constant (Fr6hl Ich & Brusa 1981, Jqbal 1983). This 
should give the predicted clear-sky conditions for global transmittance, with that for diffuse 
Irradiance being obtained from equation 14.22. It would however be rare for the normal sky 
condition to be truly clear,, due to Increased absorption and scattering arising from the presence 
of water-vapour In the atmosphere, even when it appears to be clear. This Is difficult to quantify, 
but coefficient A sight then give a sore realistic prediction of apparently clear-sky conditions 
baying Kt (z 0.8, If It were based on the clear sky transmittance of bean Irradiance from equation 
14.13 as follows: 
T gm 
( rbm P (ab ccb *P)0 mg) ,0, 
(0 «, b) x) 
[14.23) 
14.19 To be sore generally applicable, the model must also be able to deal with cloudy and 
overcast sky conditions. If continuous observations of global horitontal Irradiance are available 
it sight be preferable to use the relationship In equation 14.16 for Kt (s 0.51 and a scaling 
coefficient for equation 14.17 obtained from the mean of the calculated coefficient A for 
apparently clear-skies [eqn 14.231 and the clearness Index, to allow In part for the measured 
effect of Increased absorption and scattering by clouds, so that for 0.7 2) Kt 0 0.5, equation 
14.23 becomes: 
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e. (P + ab) * lnr) 
2 
Sometimes, observation sequences are not continuous. In such circumstances it should be possible 
to use the following curve f itting procedure to estimate the global and diffuse transmittance 
actual sky conditions. The values of A and k may be found by calculating the value of T q3 for two 
different relative optical path lengths, using observed values of 19. Then since: 
ln-r., = ln A- kmr [14.25] 
and for two different values of mr : "rl 'Ir2 
ln z, = ln A-k m, 
ln T., 
7 = ln A- km,. 
the value of k can be found by eliminating ln A so that: 
1n k (m, 
T 9M2 I 
X2 [14.27] 
at two relative optical air masses. it would be best and then ascribing values of gar, and rgmr2 
If one value of r 91 could calculated from 
& 
value of Kt measured for the mr with a value in the 
range mr a2 to Ir z 4, and If this could be used for the calculation of the coefficient A, since 
this Is the optimum range for calculating atmospheric extinction suggested by Young(1974). The 
other can be taken for the relative air mass at solar noon. The value of A is then obtained by 
substituting the resultant value of B Into equation 14.17. 
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14.20 This clear-sky irradiance model has the physical and "metric basis necessary to represent 
the changing transmittance of the atmosphere during the day for any season and location. However, 
since no allowance has been made for the curvature of the Earth, It should only be possible to use 
the model universally with reasonable confidence for : enith distances up to 60 degrees or possibly 
70 degrees for clear-sky conditions, and for other sky conditions, providing global horhontal 
Irradiance observations are available. The diffuse transmittance for the curve fitted global 
translaittance is then given by: 
Tdm =A-k-p-, rgm 
[14.281 
14.21 The expressions developed for the diffuse fraction enable approxinate values of the 








XO XO XO [14.291 
14.22 The amount of daylight available can be similarly ascertained In Watts m'2 or In lux, using 
appropriate pbotoptic meters for the visible wave-range, and equivalent values for the 
extraterrestrial Intensity constant for the mean Sun-Earth distance. In the absence of such 
instrumentation, the luminous efficacy of daylight would need to be used, and It would be helpful 
if this could be established on an Internationally agreed basis. There should be a linear 
relationship between the values of r 91 for the broadband and Y,, (, I, ) for the visible spectrum. 
Hypotbeses. 
14.23 The hypotheses to be tested therefore are that: 
(a) the characteristic diurnal distribution of the fraction of the solar radiation available 
outside the atmosphere, which Is received at the surface of the Earth, under clear-sky 
conditions should be expressed as an exponential curve, having the form 1 91 a A. 0-k. 
ir ; 
(b) the fraction of the total Irradiance received at the gurface of the Earth which Is d1f fuse 
radiation, sight reasonably be approxisated as rds aI-Bgr-t 91 ; 
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(c) the diffuse transmittance should be approximately equal to the global transmittance under 
fully overcast-sky conditions, and 
(d) the relationship between the fraction of total solar radiation T 91 and the equivalent 
fraction received in the visible spectrun should be linear. 
b 
Tising considerations for the espirical test of the bypotheses. *% 
14.24 The proposed model is required for use with hourly weather data. Hourly values of solar 
Irradiance are usually based on either the mean or the integrated value of measurements recorded 
at five minute intervals of time. In order to test the validity and feasibility of using such a 
simple physical model, it was considered necessary to employ instantaneous rather than integrated 
or mean values of irradiance, and to take measurements in relatively short time-steps in order to 
record the true dynamics of the atmosphere. For an observation sequence using one minute intervals 
of measurement, timing is clearly very significant. Two problems associated with using observations 
recorded at intervals of time of one minute duration considered were: 
the feasible order of accuracy for determining the solar position and time relative to the 
location, and 
the order of accuracy of the time keeping device used to initiate and maintain the 
observation sequence for the experiment. 
various time scales are used in the literature concerning the calculation of the solar position and 
time In relation to a location on Earth. 
Tine scales. 
14.25 The Internationally agreed standard time, which provides a uniform and precise timescale 
for scientific purposes, is known as the International Atomic Time(TAI). For everyday activity, 
It Is obviously more convenient to use a system of time that corresponds to night and day, and the 
unit of time, which Is based solely on the rotation of the Earth is known as Universal Time(UT). 
However, as the rate of rotation of the Earth is not uniform, the difference between TAI and UT is 
Increasing Irregularly by about one second every eighteen months or so. The standard, which 
is 
therefore universally accepted for civil time, relates to time on the prime meridian, and 
is now 
known as Co-ordinated Universal Time(UTC). UTC is an atomic timescale, used for most broadcast time 
signals, which Is kept In close agreement with UT(less than one second), by the Introduction of 
leap seconds to UTC. This usually occurs at the end of June or December. The difference 
between 
UTC and TAI is thereby always arranged to be at an Integral number of seconds. The time used 
in 
this study for the local mean time at the prime teridian(Greenwich) was UTC. 
198 
14.26 It Is necessary to take account of the relativity effect for work relating to the solar 
system dynamics In astronomy, because time is used as an Independent variable In the high-preclsion 
equations of the notion of the bodies of the solar system, depending on the co-ordinate system to 
which the equations refer. Terrestrial Dynamical Tite(TDT) Is used In the Astronomical 
Almanac(Anon 1992) as the timescale on which the apparent positions are given of the sun In 
relation to the centre of the Earth (Geocentric). TDT differs from TAr by a constant offset. In 
1991, the International Astronomical UnIon(IAU) adopted tivescales,, which all have units of 
measurement consistent with the SI second. Terrestrial tive(TT) Is the new scale,, which replaced 
TDT, but can be considered to be equivalent to TDT. The tabulated 'values and expressions In the 
astronomical almanacs used In this study relate to TDT and UT. 
14.27 There is also a difference between the standard local man time and solar time, which 
varies throughout the year In a smooth, periodic, fashion, mainly due to the eccentricity of the 
Earth's orbit around the sun and the obliquity of the plane of orbit to the plane of the equator 
of the Earth. The magnitude of this difference ranges from plus sirteen minutes and nineteen 
seconds to sinus fourteen minutes and fourteen seconds(Figure 14.1). As was evident from the 
literature review, for observations recorded at one minute Intervals of time, It Is necessary to 
use the approximate formulae and Information tabled In the astronomical almanac to determine the 
solar position and time In order to attain an appropriate standard of a ccu racy. 
Table 14.1 Sumsary of tine scales defined. 
REP Summary 
TH International Atomic Time, In SI seconds. 
UT Universal time from midnight, mean solar day, based on the rotation of the 
Earth. 
UTC Co-ordinated Universal Tine (civil time) at the prime meridian, and related to Tk1 by an Integral number of seconds. 
TDT Terrestrial dynamical time, as used in the astronomical almanac ephemerides 
for observations from the surface of the Earth. 
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Figure 14.3 Variation In the equation of time through the year. (Seidelvann 1992) 
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15.0 METHOD AMD RESULTS. 
Measurement procedure. 
15.1 Xeasurements of diffuse and global borizontal Insolation were recorded at one vinute 
intervals, during the period Xay 1992 to February 1994, at a rural location, 52.116 degrees Nortb, 
and 0.093 degrees East, near Cambridge In the United Kingdom. 
15.2 Four new Kipp and lonen CXll pyranometers to the secondary standard of the World 
Xeteorological Organisation (Anon 1983)were used for the experiment. These Instruments were 
chosen for their performance specification, having a 991 response time of 24 seconds,, and 631 
response time of four seconds. Two of the Instruments were fitted with Kipp and Zonen CX11/121 
shadow-rings. The instruments were mounted on top of a tower scaffold to avoid overshadowing by 
perimeter features and hedgerows, the mounting structure Itself, or other Instruments (Plate 15.1). 
ne shade-band Instruments were located to the North of the global borhontal Instruments, and 
within an arc +/-30 degrees from due North of then. This was to ensure that the shade-bands 
themselves could not obstruct the direct bean Irradiance component of the global horhontal 
measurements at any time of day or season. Although these pyranometers lack any dependence on 
Inclination, the level of the Installation, and the latitude tilt of the shade-band mounting, was 
checked using a digital level meter, having a measurement accuracy of ( 0.5 degree over the total 
range +120 to -120 degrees. The shade band position was adjusted In accordance with the 
manufacturer's reconendations(Appendli D)l and correction factors were applied to the diffuse 
measurements recorded, which allowed for the loss of diffuse Irradiance from the sky hemisphere 
obscured by the shade-band. The corrected readings were checked and a further adjustment was made, 
If required, to ensure that the diffuse ratio did not exceed 1. 
15.3 Photodiode sensors were also used to measure global horitontal irradiance in Watts per ý 
for ultraviolet lrradlance(+/- 7.51 NBS USA) In the UVB spectral range 290 to 340 nz and UVA 
spectral range 340 to 400 nz, and also the visible spectrum 400 to 700 na(+/- 51 bw USA). In 
addition the visible spectrum was also measured In lux, and asol per jý per second. All cables 
connecting Instruments to the recording device were routed and positioned under the supporting 
structure, so as to be screened as far as was possible, from direct Insolation, and protected from 
accidental damage. An altimeter was used to relate the height of the Instruments to the local 
ordinance survey reference point to ascertain the elevation of the Instrument mounting height above 
mean sea level. 
15.4 The co mme ncement of observation sequences was timed using a digital timing device, which 
was automatically controlled by the radio time signal(UTC) from Rugby. Routine checks were made 
on the accuracy of the Internal timing device of the data logger, using this regulated timing 
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device, in an endeavour to ensure that the logger readings were taken within +/- 3 seconds of the 
intended time, being within the limit of accuracy of the algorithms adopted for determining solar 
tille. 
Plate 15.1 Experimental rig. 
15.5 The observations were recorded using a data logger by Delta T Devices, programmed to read 
the irradiance sensor channels at one minute intervals, and configured to measure three wire 
differential voltage readings to minimise signal noise. The logger was powered using rechargeable 
batteries, which were maintained by regular monitoring at 75% to 100% of their fully charged state. 
The internal clock of the logger was set to universal co-ordinated time (UTC). No adjustment was 
made during the summer period to accommodate daylight saving time(Britisb summer time), in order 
to maintain a constant time base throughout the experiment. An additional insulated housing was 
provided for the normally weather proofed data logger housing, which was also shielded from direct 
insolation, to reduce the effect of diurnal temperature swings on the internal timing device of the 
logger. All the sensors used were new instruments. 
15.6 Duplicate instruments were used to record global horizontal and diffuse irradiance to 
detect and minivise error. At an early stage in the observation sequence, the four Kipp & Zonen 
CM11 pyranometers used were tested in situ, measuring global horizontal irradiance alongside a 
fifth new reference instrument, supplied by the manufacturer specifically for the purpose of 
checking the performance and calibration of the instruments supplied for this experiment(Fiqure 
15.1). Consistent results were obtained during this test. 
15.7 The data was stored in binary format in the memory of the logger and down-loaded every four 
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or five days directly to an IBN compatible portable computer, using the RS232 communications 
port. Arrangements were also made to record observations for relative humidity, ambient air 
temperature, ground temperature, wind speed and direction, barometric pressure, and rainfall. 
Unfortunately, the sensor for barometric pressure required to make pressure corrected calculations 
of some of the atmospheric parameters was not purchased at the commencement of the experiment. 
Test of 5 KLpp ý Zonen CIIII unstruments 







Figure 15.1 Test readings with five CK11 pyranoveters. 
ULCULATION PROCEDURE. 
solar position and time. 
15.8 Although the Earth moves in an orbit around the Sun, it appears as though the Sun moves 
around the Earth. It is convenient to regard this apparent orbit of the Sun as if it were the case, 
when calculating the position of the Sun in relation to a location on Earth. The solar position and 
time were therefore calculated from the following procedures, which are mainly based on the 
approximate expressions contained in the astronomical almanac: 
The almanac uses the time argument d as the interval of days from January 0 at 0 hours. The day 
numbers dUTr dUTC, and dTDT, defined as the interval in days, hrs, and minutes expressed as the day 
plus the fraction of a day from January 0, 
ý, with January Ist, 0ý equal to 1, were determined for 
the UT, UTC, and TDT timescales respectively. For the 1992/1"3 period of observation, the inter- 
relationship between TAI and the various timescales relating to the expressions used to calculate 
the solar position and time relative to the location and time of observation was determined as 
17 18 19 20 21 22 
Hours 
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follows from information given in the almanac : 
AAT = TAX - UTC =+ 27 seconds 
A TT = TDT - UTC =+ 32.184 seconds [15.1] 
AT= TDT - UT =+ 58 seconds 
where: TAI = International Atomic Time. 
UTC = Coordinated Universal Time. 
TDT = Terrestrial Dynamical Time, and 
UT = Universal Time. 
The motion of the Earth around the Sun Is affected by gravitational forces, and since these forces 
vary with distance, the orbit traced is an ellipse instead of a circle. The flatness of an ellipse 
Is a measure of its eccentricity (e, ). For example the eccentricity of a circle is equal to zero, 
whereas the flattest ellipse would have an eccentricity of unity. The eccentricity of the planets 
In the solar system are known to be less than 0.1, which means that their orbits are almost, but 
not quite circular. When the Earth is closest to the Sun it Is said to be at the perigee, and when 
it Is furthest from the Sun It Is at apogee. Since the plane of the orbit defines the ellipse, 
the position of the Sun Is found by calculating the ecliptic longitude of the Sun. The method used 
for this Involved calculating the Imaginary position of the Sun relative to a fixed point on the 
orbit, by first assusing that the orbit was circular, and then making a correction to allow for the 
eccentricity of the orbit, using an approximation for Kepler's equation of the centre to calculate 
the solar position on the elliptical orbit and thence to determine the geocentric longitude of the 
Sun(figure 15.2) as follows: 
The mean longitude of perigee (L p) In degrees was obtained(knon 1992,1993) by: 
[15.21 
Lp + 0.000 047 07 djVT (degrees) 
wbere 
s, = 2820.800722 foz 1992 
si - 2820 . 817 951 for 1993 
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The position which the Sun would have, as seen from the Earth, If the apparent orbit of the Sun 
about the Earth was circular is known as the mean anomaly (Xa)- It has the following form, when 
considering bow far the Sun would have travelled in the number of days (ý) from perigee: 
[15.31 
ma ý -- 
360 
-d (degrees) 365.242191 P 
The expression used in the almanac to calculate the mean anomaly (%) relates to the epoch of the 
Almanac(knon 1992,1993) rather than to the longitude of perigee, and the mean anomaly was therefore 
obtained from: 
115.41 
Ma = s2 + 0.98560028 d=T (degrees) 
with 
S2 = 356' . 125 295 for 1992 
s2 = 3560 - 854 999 for 1993 
Epoch 
(A 
figure 15.2 Apparent orbit of the Sun(Duffet-Stith iggg) 
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The value of the eccentricity (e, ) was obtained from the expression given in the almanac as: 
s3 - 0.000 000 0012 dTD7. 
wbere 
-,:, - = 0.01671170 for 1992 J 
s3 = 0.01671128 for 1993 
[15.5] 
The value of the mean anomaly from equation 15.4 was used, together with the value of the 
eccentricity obtained from equation 15.5, in an expression which allowed for the effect'of the 
elliptical orbit by applying an approximate solution to Kepler's equation of the centre given by 
Duffet-Salth(1979). The resulting value relates to the true motion of the Sun on its apparent 
ecliptic orbit as seen from Earth. This is known as the true anomaly (v, ) and was obtained from: 
V, u + 
360 
. e. . sin. m,. (degrees) it [15.6] 
The geocentric longitude of the Sun (ý) was then calculated from the following: 
L 
,p+ 
Vs (degrees) [15.8] 
and the result was adjusted to be 360 degrees or less by the deduction of multiples of 360 degrees 
as required. The equation of time (Et) to a precision of 3 seconds was then obtained from the 
following expression given In the astronomical almanac for calculations of the required adjustment 
to UT time In seconds: 
E'r = -106.4 sin L. + 596.1 sin 2L,, + 4.4 sin 3L. - 12.7 sin 4L. 
- 428.9 cos L. - 2.1 cos 2 La + 19.3 cos 3 LO (seconds) [15.91 
Solar time (TSOI) was calculated from: 
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4 (Lstd - Ljoc 
Ts, OL = 




L, std ý Longitude 
for standard time (prime meridian) 
Ljoc = Longi tude of si te 1 oca ti on (degrees) 
solar time (hours, mins, secs 
expressed as hours, with decimal of hour) 
[15.101 
The accuracy of the calculation of solar noon was checked using the tabulated value of the solar 
transit of the Ephemeris longitude, corrected for the longitude of the site of observation. The 
sun-Earth distance (ra) was obtained from the almanac for Oh TDT, and was assumed to vary uniformly 
with time between the values for consecutive days. On this basis, the value of r was obtained from: 
ra = rd, +[ 1440 
] 
(dmr - nd) 115.11] 
where: 
A= difference: twovalues 
ra = Sun-Ear th di s tance at TDT time of observa ti on 
(astronomical units) 
-rd,, d. 2- 
sun-Earth distance at Oh 7DTon consecutive daYS dl,, d 
(astronomical units) 
Having determined the position of the Sun relative to the Earth, It was then necessary to calculate 
the angle of Incidence for Irradiance on a horizontal surface at the location of observation (figure 
15.3) 
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figure 15.3 Angles to determine the Incidence of solar radiation on a borhontal surface. 
ne Declination was taken from the tabulated value of the almanac for 04 TDT on the appropriate day, 
and was assumed to vary uniformly with time between the value for consecutive days. on this 
assumption the declination was calculated corresponding to each consecutive observation at one 
minute Intervals from: 
wbere: 
8=a dý. +[ 1440 
] 
(d= - nd) [15.121 
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decl ina ti on at 7DT time of observa ti on (degrees) 
a di, d2 ý decl ina t! on at oh on consecu t! ve days dl, d2 (degrees) 
nd = day number (integer, Jan Ist = 1) 
dTDT = day, hr, min expressedas nd PlUS fZaCtiOn Of daY 
The cosine of the solar zenith distance for a horizontal surface was obtained from: 
[15.131 
cos0z = sin8sin45+cosbcosq5cosca 
where: 
cos0z =solar zenith angular distance, (beamxadiation 
on horizontal surface) . 
a= angul ar posi ti on of the Sun wi th equa tor 
Nor th posi ti ve (-23.4 5 ---c 
8 :ý23.4 5 degzees) 
45 latitude, angular location North /South of equator 
(degrees) 
(a = hour Z, angul ar posi ti on of Sun Eas t/ Wes t of 1 ocal 
meridian, morningnegative, afternoon posi tj ve 
(degrees) 
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Extraterrestrial solar irradiance. 
15.9 Having calculated the solar position and angle of incidence, the value of the 
extraterrestrial solar irradiance on a horizontal plane at the site of observation was then 
obtained for the both the broadband solar and the visual spectrum from: 
[15.141 
10 ý, - ISC 
1 ]2 
Cos OZ wm-l 
ra 
where Isc is the solar constant, having the following values: 
Clearness indices and diffuse ratios. 
x8c = 1367.0 W, m-1 (broadband solar spectrum) 
556.0 Wm-1 (visible spectrumO. 392 Jim - 0.710 RM) 
15.10 The global horizontal and diffuse measurements before sunrise were examined and an 
appropriate daily correction was made to compensate for negative offset. As previously described, 
a correction factor was also applied to compensate for the effect of the shade-band on the diffuse 
values recorded. The broadband clearness Irradiance index Kt and diffuse ratio Dý were calculated 






and the equivalent clearness Indices re calculated for the visible spectrum from: 
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ielative optical air saw. 
[15.181 
15.11 The relative optical air mass was determined from the approximate empirical formula of 
Kasten(1966) for the equation of Bemporad(1906), using the revised constants calculated by Kasten 
and Young(1989. ) for both the full solar spectrum, and those appropriate to the work of Beaporad, 
which only related to the visible spectrum(Table 13.1). 
m, =[ sin y,, b,, +a (ya. b) -c I-' 
wbere: 
yobs = observed (refracted) solar altitude 
Atmospheric refraction. 
113.21 
15.12 The use of Kasten's approximate expression[eqn 13.21 for Bemprad's equation [eqn 13.1] 
required that the solar altitude be adjusted to allow for refraction, when calculating the optical 
air mass for zenith distances to 700, and that an allowance be made for the curvature of the Earth 
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for larger zenith distances(Young 1974). Atmospheric pressure and ambient temperatures are 
required for such corrections, and the measurement scheme was designed with this in mind. However, 
there was a delay of approximately 12 months from the commencement of the experiment before a 
sensor for recording barometric pressure was purchased. Xost of the important clear-sky data bad 
by then been recorded, and the appropriate adjustment to the solar elevation could not be 
, calculated for use with this data to determine the optical air path with precision for all zenith 
distances, and weather conditions. Although refraction was unlikely to have a major effect on the 
analysis proposed for zenith distances less than 6OPs the observed solar zenith distance was 
obtained approximately, by allowing for refraction calculated from Snell's law for the known 
refractive index of the atmosphere at the standard pressure for mean sea level. Such a correction 
is based on the assumption of a plane parallel atmosphere. It should therefore only be valid for 
zenith distances of less then 450, but might be expected to provide a fairly good approximation for 
zenith distances up to 600 or 700, beyond which it would be necessary to allow for the curvature 








n sin 0.., - n sin 0_, ab (15.20) 
Although the refraction varies with the density and temperature of the atmosphere at various 
heights, it was assumed that. since the significant refraction to be allowed for was that between 
vacuo(% - 1), and the atmosphere layer at the surface of the Earth(n. ), then: 
sin 0. 











and atmospheric refraction defined as 
R, 2 = 
ex er 
obe 






since the observed altitude of the sun Is greater than the Calculated altitude, the angle 1, Is 
added to the calculated solar altitude position, wben using Kasten and Young's re-calculation of 




relative optical path length. The advantage of equation 15.21 is that refraction Is accounted 
for in terms of the calculated zenith distance and the surface refractive index of air, and gives 
directly the required observed zenith distance, whereas the expressions, which are usually quoted 
in the literature were developed for astronomical calculations, and therefore relate to known 
observed angles. The refraction calculated by this approximation derived from Snell's law were 
checked against those predicted using the following approximate expression from Green(1985), which 
uses two constants of refraction used in astronomical work, which allow for the effects of 
refraction and the curvature of the Earth: 
tan 03 [15.251 Ra = 6011.29 tan 0,, obs - 
011.06688 
z obs 
For this comparison, it was assumed that no had the value of 1.0002927 for the wavelength 0.7 
microns, appropriate for broadband studies, and an atmospheric surface pressure of 1013.25 ibar in 
equation 15.11, which was the same as the assumption made by both Kasten 4 Young, and in the 
development of the expression of Green. The predicted values of the refraction for zenith angles 
In 50 steps from 00 to 900, using equation 15.12, were found to be the same as the empirical 
expression given by Green[eqn 15.15] to: four decimal places for zenith distances from 00 to 500; 
three decimal places from 550 to 70P; two decimal places for 75P and 8OP; only one decimal place 
for 0. There was a significant difference for the refraction calculated for the solar zenith 
distance of 900. On the basis of that analysis, and because zenith distances greater than-800 
were not considered particularly vital to this experiment, the approximate expression[eqn 15.12] 
was used for this study, In conjunction with Kasten's empirical formula[eqn 13.2] for calculating 
the relative optical air mass. The coefficients used were obtained from Kasten & young(1989) in 
table 13.2, for the broadband, and the visible spectrum (Bemporad). The refractive index of air for 
light at the wavelength 0.54 microns with no = 1.000293 was used for the optical air mass of the 
visible spectrum with the coefficients for Bemporad's formula. 
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Table 15.1 Comparison of angles of refraction obtained using equations 15.22 & 15.25. 
true 
angle of solar 
incidence altitude 
refraction observed refraction observed 
from solar from solar 
altitude altitude 
Snell's Snell*s 
Law Law eq15.25 eq15.25 
0 90 0 90 
5 85 . 0014668 85.00147 
10 80 . 0029562 80.00296 
15 75 . 0044923 75.00449 
20 70 . 006102 70.0061 
25 65 . 0078177 65.00782 
30 60 . 0096791 60.00968 
35 55 . 0117385 55.01174 
40 50 . 0140665 50.01407 
45 45 . 0167631 45.01676 
50 40 . 0199763 40.01998 
55 35 . 0239366 35.02394 
60 30 . 0290261 30.02903 
65 25 . 0359297 25.03593 
70 20 . 0460123 20.04601 
75 15 . 062443 15.06244 
80 10 . 094639 10.09464 
85 5 . 1881024 5.188102 
0 90 
. 0014647 85 
. 002952 80 
. 0044856 75.00001 
. 0060926 70.00001 
. 0078047 65.00001 
. 0096617 60.00002 
. 011715 55.00002 
. 0140346 50.00003 
. 0167289 45.00004 
. 0199131 40.00006 
. 0238423 35.00009 
. 0288769 30.00015 
. 0356735 25.00026 
. 0455155 20.0005 
. 061277 15.00117 
. 090777 10.00386 
. 1596272 5.028475 
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TEST PROCME. 
Test of the Lul & Jordan wthod. 
15.13 The Lul & Jordan(1960) method was developed to enable the ratio of diffuse radiation to 
the global radiation received on a horizontal to be determined from the value of the clearness 
Index(KT). The clearness index Is the ratio of global horizontal irradiance to that available 
outside of the atmosphere(extraterrestrial). four of the main assumptions of authors were that: 
there was a linear relationship between the global and diffuse transmittances of the atmosphere to 
solar radiation; a high clearness index would be representative of conditions with a high solar 
altitude; a low clearness index would be associated with a high diffuse ratio, which would mainly 
occur at very low solar altitudes, and the irregular values of the clearness Index from one 
measurement to the next were less important than the long term mean value. The diffuse ratio 
obtained from observations recorded at one minute Intervals was therefore plotted as a function of 
the clearness Index, in order to check bow the results compared to those of Lui & Jordan(1960) and 
Orgill & Hollands(1977), and to verify the basic assumptions of the method relating to solar 
altitude, when compared with instantaneous measurements. The following five figures give some 
Indication of the variety of distributions found for individual days. 
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figure 15.5 Overcast day. (Low and high solar altitudes with high diffuse ratio) 
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figure 15.6 Cloudy. (High solar altitude, and high clearness Index with high diffuse ratio) 
Mn data 2nd June 92 
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y1gure 15.7 Sunny with cloud (low and bigh solar altitudes). 
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Figure 15.9 Sunny. (low and high solar altitudes: range of diffuse ratio for given clearness index) 
Mn dato 14th June 92 13 cd ýo 
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Figure 15.9 Clear sky. (low and higb solar altitudes) 
.5 .91 
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15.14 As can be seen from the figures for individual days, there was considerable scatter of the 
data evident on a typical day with sunshine and cloud(figs 15.7 & 15.8), and a wide range of 
possible configurations were found to exist for other sky conditions. These results did not 
support the authors' assumptions concerning solar altitude. For example the data for both low and 
high solar altitudes is plotted in figures 15.7 and also In 15.9, indicating that such assumptions 
were an over-simplification. 
15-15 The results using one minute data collected over a twenty-two month period, Indicated that 
there was a significantly larger margin of error possible in predictions of the diffuse ratio based 
on this method, than was suggested by the original authors. There Is far too much data In the 
study to illustrate this graphically, but the point can be demonstrated by simply plotting the 
combined data for the above five sample days(fiqure 15.10). This shows quite clearly that there 
is a wide range of possible diffuse ratios for a single clearness Index, which Indicates that this 
method Is fallible. 
Mnute data 5 d%s Lh June 92 
33W r"d P&f&o 







o 0 .3A5 .6 .7 flecrness Lndex KL - 19/lo 
Figure 15.10 5 days of data: note the range of possible diffuse ratios for a given clearness Index 
15.16 it Is appreciated that the original method was developed for daily wean values, and relied 
upon the averaging and smoothing of data to enable a statistically significant correlation being 
obtained from long time scale data(ten years). However the number of data points available for 
only one day of the present study, greatly exceeds the total amount of data available for each 
monthly mean daily result of the original study, which used data for only ten days on average per 
month fro% the ten year data base. 
15.17 The Lui & Jordan model produced significant errors In relation to this study, when used 
to predict either Instantaneous or hourly mean values of the diffuse ratio. 
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Test of the bypotheses. 
15.19 The data for the whole of the observation period was examined and each day was classified 
into clear-sky, clear-sky plus some cloud, sunny and cloudy, mainly diffuse, wholly diffuse, and 
overcast conditions. For apparently clear-sky conditions, the fraction of the calculated 
extraterrestrial Irradiance on a horizontal surface, which was received as global horizontal 
irradiance was plotted against time of day, and compared to that predicted by the hypothesis rq 
= A. e-k"lr. Two theoretical and one curve fitting comparisons were made with the observed data. 
In the first theoretical test, the scaling coefficient A was calculated using equation 14.19 to 
establish the predicted boundary conditions for global horizontal clear-sky transmittance, and the 
equivalent diffuse transmittance for a clean, dry atmosphere from equation 14.22. Figures 15.11 
to 15.16 illustrate some typical results obtained. 
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Figure 15.11 Measured global id diffuse transmittances with those predicted for clear-skies. 
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Figure 15.12 Xeasured global & diffuse transmittances with those predicted for clear-skies. 
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Neasured global and diffuse transmittances with those predicted for clear-sky 
conditions. 
MLnute data 26th May 92 
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Figure 15.15 Xeasured and predicted global transmittance for clear-sky conditions. 
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Mnute doto 26th Maj 92 
dLffuse trcnsrýuttonce (cLecir-sky) 
Gd, cr cLUtxJo 30 UTvugh 59 to 30 dogNm 
544 patiad data poLnto 
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Figure 15.16 Xeasured and predicted diffuse transmittance for clear-sky conditions. 
15.19 In the second test, the coefficient A was based on the value of the beam transmittance 
obtained from equation 14.13 with the scattering and absorption alowances as In equation 14.23 to 
permit an approximate prediction of the global and diffuse transmittances for apparently clear- 
skies relating to a more normal atmosphere from equations 14.22 and 14.23. Some typical results 
are shown in f Igures 15.17 to 15.22 Inclusive, suggesting that this was a reasonable approximation. 
Mnute data 20th Nay 92 
opporent cLear-sky precicted and measured 
GOL(]r cLtLttjc19 25 ttrvuGh 57 to 25 ck? 9 
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Figure 15.17 Measured and predicted global and diffuse transmittances. (apparently clear-sky) 
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Mnute dato 22nd Noy 92 
opporent cLeor-skýy predLcted and measured 
voLor cMtck, 33 UTvji 5M to 33 cWTwc 
523 d3to pdunto pw ca-. % 
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Figure 15.19 Measured and predicted global and diffuse transmittances. (apparently clear-sky) 
Mnute data 26th Noy 92 
opporent cLeor-sky preducted and measured 
c, oLor- cMtuclo 30 UrcuGh 59 to 30 499rwo 
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c, oLor dtWxio 30 th-okh 62 to 30 dogrooo 
564 d3to pdAa pw ctrva 
12 18 21 
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Figure 15.20 Measured and predicted global and diffuse transmittances. (apparently clear-sky) 
MLnute data 26th MaS 92 
qLcboL tronsmUtance 
Ur cLLUAKJP 30 th-ough 59 to 30 dQg-ow 
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Figure 15.21 Neasured and predicted global transmittance for an apparently clear-sky. 
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Mnute data 26th Moy 
duffuse transmUtance 
GcLcr oLfAtuckp 30 th-ough 59 to 30 dogg-ow 
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Figure 15.22 Xeasured and predicted diffuse transmittance for an apparently clear-sky. 
15-20 As can be seen fron figures 15.11 to 15.16, good correlations were evident between the 
hypothesis prediction of both the global horizontal transmittance and the diffuse transmittance on 
a minute by minute basis, and those obtained using the measured irradiance data. Table 15.2 lists 
the results of an error analysis using equations 13.26 and 13.27. The MBE and RKS4 result of 0.02 
and 0.051 respectively for the clear-sky predictions of global transmittance, and 0.05 and 0.1t for 
diffuse transmittance suggest that this method might reasonably be used to provide clear-sky 
Irradiance estimates wben no observation data is available. However, it should be noted that the 
spectral sensitivity of the sensors used can give rise to a measurement uncertainty of +/- 2t, to 
which must be added an estimated +/- 5% uncertainty in the observed diffuse transmittance 
determined using Instruments fitted with shade-bands. The modified form for predicting apparently 
clear-sky transmIttances(f iqures 15.17 to 15.22) resulted In even lower MBE and RKSE results. These 
results compare favourably with the RKSE of less than 61 and 9t reported by Gueymard(1"3) for the 
global and direct-beam transmittances respectively of the best current clear-sky Irradiance models. 
15.21 The third test Involved predictions using the curve fitting procedure described. [eqns 14.25 
to 14-281 The curve fitted predictions for apparently clear-skies(figures 15.23 to 15.28) were 
also very accurate, which suggest that this method would be useful for predicting transmittances 
when only Intermittent global borhontal Irradiance observations are available, or possibly for 
predicting the diffuse transmittance under cloudy skies. 
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Mnute doto 20th May 92 
predLcted bý curve flut and measured 
GoLor dALUodo 25 thoiGh 57 to 25 dog 
600 d3fO PdXLQ POP CW-410 
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figure 15.23 Measured & predicted transsittances: apparently clear-sky. (curve f itting procedure) 
Mnute dato 22nd Moy 92 
predLcted bý curve f"Lt and meosured 
IP&W CULWCJQ M throxjh 5M to 30 dog-*" 
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Figure 15.24 Measured & predicted transtittances: apparently clear-sky. (curve f Itting procedure) 
217 
Table 15.2 Error analysis: transmittance predictions. 
Results of Mean Bias Error and Root Mean Square Error calculations (equations 13.26 
13.271 
Data transmittance of global transmittance of diffuse Irradiance 
Irradiance 
figure (date) MBE RMSE MBE RKSE 
15.11 (20-05) 0.000 2615 0.005 939 2 -0.000 510 6 0.011 600 0 (clear) 
15.12 (22-05) 0.000 254 6 0.005 $49 2 -0.000 610 0 0.014 019 9 (clear) 
15.13 (26-05) 0.000 221 0 0.005 154 9 -0.000 519 0 0.012 108 3 (clear) 
15.14 (14-06) 0.000 219 5 0.005 211 8 -0.000 427 0 0.010 148 5 (clear) 
15.17 (20-05) 0.000 063 0 0.001 437 0 0.000 162 7 0.003 696 9 (app c1r) 
15.18 (22-05) 0.000 054 7 0.001 256 9 0.000 Oil 6 0.000 266 6 (app c1r) 
15.19 (26-05) 0.000 029 5 0.000 697 2 0.000 119 0 0.002 775 0 (app c1r) 
15.20 (14-06) 0.000 033 1 0.000 786 7 0.000 239 6 0.005 699 5 (app c1r) 
15.21 (26-05) 0.000 029 5 0.000 687 2 --- --- - --- --- - (app c1r) 
15.22 (26-05) -- -- - - -- - O. Ow 119 0 0.002 775 0 (app c1r) 
15.23 (20-05) -0.000 019 0 0.000 422 9 -0.000 088 0 0.002 008 5 (fit) 
15.24 (22-05) 0.000 005 6 0.000 128 4 -0.000 189 0 0.004 339 5 (fit) 
15.25 (26-05) 0.000 006 8 0.000 158 9 -0.000 103 0 0.002 412 5 (fit) 
15.26 (14-06) 0.000 241 0 0.000 572 0 0.000 121 9 0.002 894 9 (fit) 
15.31 (06-09) --- --- - --- --- - 0.000 ill 4 0.002 171 8 (olcast) 
15.35 (06-07) --- -- 0.000 156 9 0.003 709 7 (cloudy) 
15.36 (13-10) 0.000 031 6 0.000 632 4 0.000 200 7 0.004 019 6 (fit) 
15.36 (13-10) --- --- - ... ... 0.001 539 9 0.030 $34 8 (clear) 
15.38 (05-09) 0.000 111 4 0.002 171 8 (Vis) 
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Figure 15.25 Xeasured and predicted global and diffuse transmittances for an apparently clear- 
sky. (curve fitting procedure) 
Mnute dato 14th June 92 
predLct-ed by curve fLt and measured 
coLor cLatudo 30 Urowh 62 to 30 dog-9" 
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Measured and predicted global and diffuse transvittances for an apparently clear- 
sky. (curve fitting procedure) 
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Mnute data 26th May 92 
gLoboL tronsmLttance: predLcted by curve fLt 
wur Ciatwo 30 Oro* 59 to ZO &gvw 
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Figure 15.27 Measured & predicted global transmittance: apparently clear-sky. (cave fit procedure) 
Mnute dota 26th May 92 
dt. ffuse transi4. ttance (predLcted bý curve fU) od. cr cLUtuch; 30 ttrough 59 to 30 dog-ego 
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Figure 15.28 Measured 4 predicted diffuse transmittance: apparently clear-sky. (curve f It procedure) 
15.22 Appendix D contains an example of a correlation result for a larger range of solar 
altitudes. The model was not expected to be satisfactory over a larger range of zenith distances. 
(plane parallel assumption and lack of allowance for the curvature of the Earth). The procedure 
used to test the hypotheses for cloudy days was carried out in two stages. The first dealt with 
overcast days, of which the data Illustrated In figures 15.29 to 15.31 was fairly typical. 
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Mnute data 6th 8ept 92 (overcast) 
gLobaL transmLttance 
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Figure 15.29 Neasured Global horitontal transmittances on an overcast day. 
Mnute data 6th Sept 92 (overcast) 
duffuse transmLttance 
vdAr dtltuda 30 th-ough 44 to ZO deirew 
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figure 15.30 Neasured diffuse transmittances on an overcast day. 
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Knute data 6th Sept 92 (overcast) 
transmLttance test of hupothesLs c 
acUr aLUtude 30 Urough ii to 30 dxjvw 









01 .2 .3 .45 .6 .7 .8 .91 Id/lo predwted bq wV IUS 
figure 15.31 Xeasured to predicted[eqn 14.16] diffuse transmittances : overcast day. 
15.23 This result was replicated, and supports the hypothesis, [eqn 14.161 suggesting that it 
might be possible to combine this expression with that for the clear-sky and clearness index[eqn 
14.24] to predict the approximate diffuse transmittance for cloudy sky conditions as shown in the 
following results: 
MLnute data 6th JuLý 92 
qLoboL tronsmUtance : sun and cLoud 
ad-cr oLtAtude 30 th-oth C04 to 30 dgg-ow 
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Mnute data 6th JuLý 92 
dLffuse tronsrýuttcnce : sun and cLoud 
c. &cr ckUtude W t4-cKh 60.6 14 30 dog-ow 
SS9 doto pdtnto 
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Transmittance of diffuse Irradiance. (cloudy day with sunshine) 
MLnute data 6th JuLý 92 
cfLffuse transrýLttcnce : sun and cLoud 
v&cr aLUWJip : 50 th-zqh = to 30 dog-voQ 




























Mnute data 6th JuLS 92 
duffuse transrýLttcnce : sun and cLoud 
vd. cr cLULY, 19 30 ttrmh MS to 30 dogvm 
SS9 p&NW daLc poUtA 
0a .2 .3 .45 .6 .7S .91 Id/lo FredLcted 
Figure 15.35 Measured and predicted diffuse transmittance. (cloudy day with sunshine) 
[eqns 14.16 & 14.24] 
15,24 However, from a visual assessment of the observations recorded, it was evident that the 
overcast sky assumption was not always appropriate for values of Kt <= 0.5 under other sky 
conditions. An example of this can be demonstrated as follows(figure 15.36) for a sunny, and hazy 
October day with significant attenuation, but little scatter evident in the recorded data. 
Mk. nute data 13th Oct 92 
measured and predLcted b_y curve fLL 
9&ar-ý'd. LLUOP W UrWi 46 to W do9moo 
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figure 15.36 measured global transmittance compared with that predicted by the curve fitting 
procedure, together with diffuse transmittance measured and predicted by eqns 14.22 & 14.28. 
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15.25 Finally, the fraction of the broadband solar irradiance available outside the atmosphere, 
which was received as global horizontal Irradiance was plotted against the equivalent fraction of 
the extraterrestrial irradiance in the visible spectrum, for clear-sky, cloudy, and overcast 
conditions. A linear relationship was evident, of which figures 15.39 and 15.39 are typical. 
Mnute data 5th Sept 92 
qLoboL tronsmUtance L cbt 21 M Urough 44.7 to M dog4wo 
%d 


















Figure 15.37 measured global horizontal broadband solar transmittance. (sun 4 cloud ) 
MLnute data 5th Sept 92 
soLar 9 vLsLbLe transmLttances compared 
BW M ttroucjS 4, L7 to 10 daqmw 
4 















Figure 15.38 Measured global horizontal transmittances for solar & visible spectrum. (sun & cloud) 
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MLnute data 6th Sept 92 
coLcuLated from observatLons (overcast d%) 
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Figure 15.39 Measured and global horizontal broadband solar transmittance to transmittance in 




Lui & Jordan sethod. 
16.1 The relationship between the transmittance of diffuse and global Irradiance under clear- 
skies, calculated from the instantaneous measurements recorded at one minute Intervals was clearly 
non-linear, contrary to that proposed by Lui & Jordan(1960). However, because the curve relates 
to that for the relative air mass, which for certain latitudes and seasons would be considered 
fairly flat for a large part of the day centred on solar noon, It Is easy to see how one could sake 
a linear assumption. The results of the test of the Lui & Jordan method to determine the diffuse 
fraction of global irradiance from values of the clearness index Indicated that the diffuse ratio 
varied significantly compared to the clearness index during relatively short observation Intervals. 
it was also evident that the diffuse fraction could vary from say between 0.2 and 0.6, or 0.3 to 
0.75 or 0.9 for commonly occurring values of the clearness Index. This represents a possible margin 
of error of up to 2501 or thereabouts. Obviously this model, though developed for good reasons and 
reliant upon the statistical smoothing of data and averaging of observations, is none the less 
fallible. This procedure would not therefore be particularly suitable for predicting the diffuse 
co " nent of global horizontal irradiance on an hourly basis. 
Hypothem. 
16.2 The test of the bypotheses, using observations taken at Intervals of one minute Indicated 
that for clear-sky conditions: 
(a) there was good agreement between the values of the fraction of extraterrestrial Irradiance 
received as global horizontal Irradiance, and those predicted by equations 14.17, to 14.20, 
indicating that hypothesis (a) Is supported by the measurements taken, and 
(b) the predicted approximate relationship between this fraction and the diffuse ratio obtained 
from observations also supported hypothesis (b). [eqn 14.221 
These clear-sky conclusions were confirmed by the results of the error analysis, [table 15.11 which 
also indicated that the modification proposed(eqn 14.231 as an approximation to represent the more 
normal, apparently clear-sky condition, worked reasonably well for the location of the 
observations, and appeared to have the potential to model the sunny part of cloudy days. The curve 
fitting procedure developed[eqns 14.25 to 14.29] permitted the use of available global horhontal 
Irradiance measurements, and was found to provide satisfactory results. The results of the tests 
for cloudy-sky conditions Indicated that: 
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(c) the diffuse transmittance was found to be approximately equal to the global transmittance 
on overcast days as expected, indicating that hypothesis (c)[eqn 14.16][figure 15.28] is 
probably a reasonable assumption to make in such circumstances. 
The diffuse transmittance was also predicted reasonably well for cloudy days with sunshine, using 
a combination of equations 14.16 4 14.24, of which f igure 15.32 is an example. This suggests that 
such an approach might provide acceptable hourly mean estimates of the components of global 
irradiance for all sky-conditions, however figure 15.34 indicated that for autumn days with haze 
and sunshine, hypothesis (c) was not supported. In this case of significant attenuation with little 
scatter of data, the global irradiance was predicted best by the curve fitting procedure, and the 
diffuse transmittance was reasonably close to that predicted for clear-skies. This suggests that 
a combination of the curve fitting procedure for global transmittance, together with the diffuse 
transmittance calculated by the clear-sky equation, might provide an appropriate basis for a model 
using global horizontal Irradiance measurements. 
With regard to the availability of daylight, hypothesis (a) was tested and supported by the 
measurements. Hypothesis (b) was not tested due to lack of instrumentation, but hypothesis (c) 
appeared to be supported. In addition: 
(d) the linear relationship predicted by hypothesis (d) was found as expected between the 
broadband transmittance of solar radiation and the transmittance In the visible spectrum, 
for overcast, cloudy and sunny conditions, indicating that it should also be possible to 
predict levels of daylight using this model with global horizontal Irradiance measurements. 
16.3 Overall, the measurements taken indicated that all four hypotheses were supported for the 
stated sky conditions. Further work would be necessary to carry out more extensive tests -and 
develop this simple model for practical application. Although the empirical test of the hypotheses 
used data for only one location, the basic clear-sky model was designed to be universally 
applicable. Whilst the assumptions on which modifications were devised to deal with other sky 
conditions appeared reasonable for the location and climate of the site of the observations in 
South-East England, they should ideally be tested for other latitudes and climates. The proposed 
simple model may have the potential to predict the amount of the components of solar radiation and 
the level of daylight availability for any location. The applications envisaged include building 
and engineering design, horticultural and meteorological use. The main advantages should be the 
minimum dependence of the model on the need for complex measurements or significant computing 
power, to obtain reasonable predictions of the components of irradiance and daylight from 
measurements of global horizontal irradiance. 
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ROOF 12.60 ARU 14.30 0.90 
CEILING 6.60 ARU 10.00 AREA 
GROUND FLOOR 1 6.50 0.56 0.10 AREA 
GROUND FLOOR 2 6.50 0.34 0.10 AREA 
PARTITION 8.13 AREA 8.13 AREA 
EXTERNAL WALL 1 8.13 AREA 12.50 0.90 
EXTERNAL WALL 2 9.13 AREA 12.50 0.40 
Table A-2 GLAZING TYPES: BARNES FARM. 
Týiv U Value Shade Extinction Index of Thickness Panes 
Coefficient Coefficient refraction 
-2 -1 
v ]I I fraction a 
single4 5.4 0.98 0.0197 1.526 4.0 1 
single6 5.4 0.95 0.0197 1.526 6.0 1 
double4 2.8 0.87 0.0197 1.526 4.0 2 
double6 2.8 0.82 0.0197 1.526 6.0 2 
solar 5.4 0.76 0.0197 1.526 6.4 1 
roof 3.4 0.60 0.0197 1.526 6.0 2 
atrium 3.2 0.95 0.0010 1.526 3.0 2 
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Table A. 3 CONSTRUCTION TYPES & CODES: BARNES FARM SCHOOL. 
TYPE IAYER 
1 2 3 6 
Gfloorl carpet screed dpi concrete hardcore earth 
2 quarry tile screed dpia concrete hardeore earth 
3 woodi air 41 concrete hardcore earth 
Roof 1 plasterbrd insulation air metal 
2 plasterbrd dpI wood6 metal 
3 plasterbrd dpI insulation air wood felt 
4 plasterbrd dpm insulation air plywood19 felt 
5 metal 
6 concrete12 roofing felt 
ceiling plasterbrd dpi 
partn 1 blockwork4 
2 plasterbrd blockwork4 
4 brickwork9 
5 wood paper air concrete12 
6 brickwork900 
7 plasterbrd bloc)mrk8 
8 blockwork8 plasterbrd 
wall 1 blockworkI air blockwork 
2 blockwork7 insulation air wood 
3 blockwork7 air crete earth blockwork4 
door plywood6 air plywood6 
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Table 1.5 CONSTRUCTION TYPES & CODES: HOOK SCHOOL 
TYPE LAYER 1 2 3 
1 
4 5 6 
Groundf loor 1 
2 carpet screed dpt concrete hardcore earth 
pvc tile screed dpa concrete hardcore earth 
3 quarry tile screed dpa concrete hardcore earth 
Roof 1 
2 vapour woodwool screed I metal insulationrf metal 
wood air metal insulationrf metal 
3 metal insulationrf metal 
4 
plasterbrd insulation3 air woodwool screed I felt 
5 metal 
ceiling 
partition 1 fibreboard insulatiod air 
plasterbrd plasterbrd air plasterbrd plasterbrd 
2 plasterbrd plasterbrd insulation2 plyvoodl9 
3 
4 brickworb polystyrene brickvork9 
brickwork9 
wall I brickworkI polystyrene brickworkl 
Table A. 6 GLAZING TYPES: HOOK SCHOOL. 
rip U value Shading Extinction Index of Thickness Panes 
Coefficient Coefficient refraction 
fraction 
1 U 
















Table A. 4 THERNAL PROPERTIES OF XATERIALS: BARNES FARM SCHOOL. 
XATERIAL code THEM CONDUCTIVITY DENSITY SPECIFIC HEAT THICKNESS 
'1 -1 -3 -1 -1 WE I kq i ki kg I I 
blockwork 1.600 2300 1.050 0.100 
blockwork8 0.130 1340 1.050 0.200 
blockwork7 0.130 1340 1.050 0.165 
blockwork4 0.130 1340 1.050 0.100 
blockwork9 0.620 1800 0.840 0.210 
brickwork9DO 0.620 1800 0.840 0.900 
hardcore 1.800 2300 1.050 0.100 
concrete 1.400 2500 1.050 0.150 
concrete12 1.400 2500 1.050 0.300 
plaster 0.500 1300 0.840 0.0125 
plasterbrd 0.160 950 0.840 0.0125 
screed 0.410 1200 1.050 0.050 
quarry tile 1.130 2300 1.050 0.050 
PlYWW19 0.150 700 1.420 0.019 
plywood6 0.150 700 1.420 0.006 
earth 1.280 1460 0.879 0.500 
vood 0.130 630 2.760 0.025 
wDod6 0.130 630 2.760 0.150 
insulation 0.037 30 0.840 0.100 
carpet 0.060 160 2.500 0.00, 
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ki kg K 
THICKNESS 
I 
brickworkl 0.620 ISDO 0.84D 0.105 
brickwork9 0.620 1800 0.840 0.21D 
hardcore 1.800 2300 0.940 0.150 
concrete 1.400 25W 0.840 0.150 
plasterbrd 0.160 990 1.000 0.012 
screed 1 0.410 1200 0.840 0.025 
screed 0.410 1200 0.840 0.050 
quarry tile 1.130 2300 1.050 0.012 
pvc 0.850 2000 0.837 0.004 
carpet 0.060 160 2.500 0.006 
plywood19 0.150 700 1.420 0.019 
plywood 0.150 700 1.420 0.006 
wood 0.130 630 2.760 0.025 
vood5 0.130 630 2.760 0.125 
fibreboard 0.030 290 2.000 0.012 
insulationl 0.037 30 0.840 0.025 
insulation2 0.037 30 0.840 0.050 
Insulation3 0.037 30 0.340 0.075 
insulationrf 0.022 101 2.300 0.050 
woodwool 0.120 500 1.000 0.050 
polystyrene 0.030 25 1.000 0.050 
earth 1.280 1460 0.879 0.500 
roofing felt 0.150 700 1.420 0.010 
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BUILDING DESCRIPTION : NOTIONAL CLASS-BASE. 
Table A. $ NOTIONAL CLASS-BASE: SERI-RES SCHEDULED VALUES. 
VARIABLE HOURS VALUE UNITS 
INFILTRATION 00-08 0.25 











VENTILATION 00-09 45 set point oC 
09-16 23 
16-24 45 
BLIND SET PT (shade 00-08 900 W/V 
coeff 0-3) 08-15 250 
15-24 900 
OCCUPATION 00-08 0 0= NO 






Table A. 9 SnFACE HEAT TRANSFER COEFFICIENTS W/12 K. NOTIONAL CLASS-BASE. 
ELEMENT INTERNAL EXTERNAL 
ROOF 12.6 27.0 







Table 1.10 BUILDIXG CDXSnUCTIOX: NOTIOXAL CLAW-USE. 
ITEK UYER 
2 3 4 5 6 
Wall-1 
Pinboard Plaster Blockwork Woolboard R-0.18 Brickwork 
Wall-2 
Plaster Blockwork Woolboard R-0.18 Brickwork 
Roof Acoustic Glasswool R-0.19 Tiled 
Partn-1 Pinboard Plaster Blockwork Plaster Pinboard 
partn-2 Plaster Block Plaster 
Floor-1 Carpet Screed Concrete Polycell Rardcore soil 
rloor-2 Pvc Screed Concrete Polycell Hardcore soil 
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Table 1.11 PROPERTIES OF MATERIALS: NOTIONAL CLASS-BASE. 
NATERIAL THER M 
CODUCTIVITY 
DENSITY SPECIFIC HEAT THICKNESS 
W/1 K kgfm kJ/kg K I 
Plaster 0.420 1200.0 0.837 0.015 
Blockwork 0.200 720.0 1.069 0.100 
Woolboard 0.049 240.0 1.050 0.055 
Brickwork 0.700 2100.0 0.920 0.105 
Carpet 0.060 186.0 1.360 0.005 
Screed 1.280 2100.0 1.000 0.050 
DPX 0.430 1600.0 1.000 0.002 
Concrete 0.870 1800.0 0.920 0.125 
Polycell 0.033 32.0 1.210 0.025 
Polythene 0.500 1050.0 0.837 0.0003 
Hardcore 0.650 1570.0 1.057 0.150 
soil 1.400 1900.0 1.700 0.500 
Pinboard 0.059 320.0 1.670 0.010 
Acoustic 0.058 288.0 0.586 0.010 
Glasswool 0.040 200.0 0.670 0.140 
Sarkfelt 0.410 960.0 1.000 0.003 
Rooftile 0.850 1900.0 0.837 0.020 
Pvctile 0.500 1050.0 0.837 0.003 
APPENDIX B. 
250 










:: i -. - 
Q) Q) 
týy ý: j 
1p 
/ -ý dý -: 
t 11 nT. 









. ýs ý - : -I tA 0 
ý 0 
szk 









a 2. -c . 
U1 
.. a 
40 ti ý cl r? - al Ltj 
cT 
2Y !I ,II c 
II 
j4 .1 ýy 














JE rA a) 











A 2 I - 't 10 ýj 
%Z--) 7 ý 0 %; . 
a :g Z 1 ." 48 1ý5 
APPENDIX B. 
251 
Table B. 1 contd. Analysis of clear-sky models A, B, C&D. 
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SoLor, Tune Hr-s 
Figure C. 1 Relative air zass: 22nd June , Latitude 80.0 degrees N. 
OpUcoL path reLatLve oLr mass 
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SoLor, TLme Mr-9 
Figure C. 2 Relative air mass: 22nd June , Latitude 52.1 degrees N. 
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Figure C. 3 
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OpUcaL path reLatLve oLr mass 
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Relative air mass: 22nd June , Latitude 00.0 degrees. 
OpUcaL path reLotLve oLr mass 
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Figure C. 5 
k 
12 is 
SoLar- Ture Hr-s 
Relative air vass: 22nd Dec , Latitude 52.1 degrees N. 
OpUcoL path reLatLve oLr mass 
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Figure C. 6 Relative air lass: 22nd Dec , Latitude 60.0 degrees 









1 17 26 2 a 1 5 21 26 39 1 4 19 24 29 3 a 14 19 25 2a Is 26 
90 1 1 1 1 1 1 1 1 1 1 1 1 1 11.01 1.03 1.04 1.05 1.07 1.08 1.10 1.11 1.12 1.13 1.15 1.16 
as I I I I I I I I I I I 1 1.01 1 . 02 1.03 1.04 1.05 
1.07 1.08 1.09 1.11 1.12 1.13 1.15 1.16 
80 1 1 1 1 1 1 1 1 1 1.01 1.01 1.01 1.02 1.03 11.04 1.04 1.05 1.07 1.08 1.09 1.11 1.12 1.113 1.14 1.16 
75 1 1 1 1 1 1 1 1.01 1.01 1.01 1.02 1.03 11.03 1.04 1.05 1.05 1.06 1.07 1.08 1.09 1.10 11.1 2 1.13 1.14 1.15 
70 1 1 1 1 1 11.0 1 1.0 11 1.01 1.02 1.02 11.03 1.04 1.04 1.05 1.06 1.05 1.0? 1.08 1.09 1.10 1.11 1.1 2 1.13 11.114 11.15 
NORTmERN 65 1 1 1 1.01 1, ol 1.01 1.02 1.02 1.03 1.03 1.04 1.05 1.05 1.06 1.07 1.07 1.08 1.09 1.10 11.10 1.11 1.1 2 1.13 1.13 11.114 
LATITUDE 60 toll 1.01 1.01 1.02 1.02 1.02 1 . 03 1.03 1.04 1.04 1.05 1.06 1.06 1.07 1.08 1.08 1.09 1.10 1.10 1.11 1.12 1.1 2 11.113 1.14 
11.114 
55 1.01 1.02 1.02 1.02 1.03 11.03 1.04 1.04 1.05 1.05 1.06 11.07 1.07 1.08 1.08 1.09 1.10 1.10 1.11 1.12 1.12 11.11 3 1.13 1.14 1.14 
so 1.02 1.02 1.03 1.03 1.04 1.04 1.05 1.05 1.06 1.06 1.07 11.08 11.08 1.09 1.09 1.10 1.10 1.11 1.12 1.12 1.13 1.1 3 1.13 1.14 1.14 
45 1.03 1.03 1.04 1.04 1.05 1.05 1.06 1.06 1.07 1.0? 1.08 1.09 1.09 1.10 1.10 1.1111 1.11 1.12 1.12 1.113 1.13 1.1 3 1.14 1.14 1.14 
40 1.04 1.04 1.05 1.05 1.06 1.06 1.07 1.07 1.05 1.05 1.09 1.09 1.10 1.10 11.111 1.11 1.12 11.12 1.13 1.13 1.13 1.1 4 1.14 1.14 1.14 
35 1.05 1.05 1.06 1.06 1.07 1.07 1.08 1.08 1.02 1.09 1.10 1.10 1.11 1.11 1.12 1.12 1.12 1.13 11.113 1.13 1.14 1.1 4 1.14 1.14 11.14 
30 1.06 1.05 11.07 1.07 1.08 1.08 1.09 1.09 1.10 1.10 1.11 1.11 1.11 1.12 1.12 1.12 1.13 1.13 1.13 1.13 1.14 1.1 4 1.14 1.14 1.14 
25 11.07 1.07 1.08 1.08 1.09 1.09 1.09 1.10 1.10 1.11 1.11 1.12 1.12 1.112 1.13 1.13 1.13 1.13 1.13 1.14 1.14 1.1 4 1.14 1.14 1.14. 
20 1.08 1.08 1.06 1.09 1.09 1.10 1.10 1.11 1.11 1.11 1.12 1.12 1.12 1.13 1.13 1.13 1.13 1.13 1.14 1.14 1.14 1.1 4 1.13 1.13 1.13 
Is 1.08 1.09 1.09 1.10 1.10 1.11 1.11 1.11 1.12 1.12 1.12 1.13 1.13 1.13 1.13 1.13 1.13 1.13 1.13 1.13 1.13 1.1 3 1.13 1.113 1.13 
10 1.09 1.10 1.10 1.11 1.11 11.111 1.12 1.12 1.12 1.13 1.13 1.13 1.13 1.13 1.13 11.113 1.13 1.13 1.13 1.13 1.13 1.1 3 1.13 1.13 1.12 
5 1.10 1.11 1.11 1.11 l. 12 1.12 1.12 1.12 1.13 1.13 1.13 1.13 1.13 1.13 1.13 1.13 1.13 1.13 1.13 1.13 1.13 1.1 2 1.12 1.12 1.12 
EQUATOR 0 1.111 1.11 1.12 1.12 1.12 1.12 1.13 1.13 1.13 1.13 1.13 1.13 1.13 1.13 1.13 1.13 1.13 1.13 1.13 1.12 1.12 1.1 2 1.12 1.11 11.111 
5 1.112 1.12 1.12 1.12 1.13 1.13 1.13 1.13 1.13 1.13 1.13 1.13 1.13 1.13 1.13 1.13 1.13 IA2 1.12 1.12 1.12 1.1 1 1.11 1.11 1.10 
10 11.112 1.13 11.13 1.13 1.13 11.13 1.13 1.13 1.13 1.13 1.13 1.13 1.13 1.13 1.13 1.13 1.12 1.12 1.12 1.11 1.11 1.1 1 1.10 1.10 1.01) 
15 1.13 1.13 1.13 1.13 1.13 1.13 1.13 1.13 1.13 1.13 1.113 1.13 1.13 1.13 11.12 1.12 1.12 1.11 1.11 1.11 1.10 1.1 0 1.09 1.09 1.08 
20 1.13 1.13 1.13 1.14 1.14 11.14 1.14 1.13 1.13 1.13 1.13 1.13 1.12 1.12 1.12 1.11 1.11 1.111 1.10 1.10 1.09 1.09 1.08 1-08 1.08 
25 1.14 1.14 1.14 1.14 1.14 1.14 1.13 1.13 1.13 1.13 1.13 1.12 1.12 1.12 1.11 1.11 1.10 1.10 1.09 1.02 1.09 1.0 8 1.08 1.07 1.07 
30 1.14 1.14 1.14 1.14 1.14 1.13 1.13 1.13 1.13 1.12 1.12 1.12 lAl 1.11 LIT 1.10 1.10 1.09 11.09 1.08 1.08 1.0 7 1.07 1.06 1.06 
SOUTHERN 35 1.14 1.14 1.14 1.14 1.14 1.13 1.13 1.13 1.12 1.12 IA2 1.11 1.11 1.10 1.10 1.09 1.09 1.08 1.08 1.07 1.07 1.06 1.06 1.05 1.05 
LATITUDE 40 11.114 1.14 1.14 1.114 1.13 1.13 1.13 1.12 1.12 1.11 1.11 1.10 1.10 1.09 1.09 1.08 1.08 1.07 1.07 1.06 1.06 1.05 1.05 1.04 1.04 
45 1.14 1.14 1.14 1.13 1.13 1.13 1.12 11.12 1.11 1.11 1.10 1.10 1.09 1.09 1.08 1.07 1.07 1.06 1.06 1.05 1.05 1.04 1.04 1.03 1.03 
50 1.14 1.14 11.113 1.113 1.113 lA2 11.112 1.11 1.10 11.110 1.09 1.09 1.08 11.08 1.07 1.06 1.06 1.05 1.05 1.04 11.04 1.03 11.01 1.02 1.02 
55 1.14 1.14 1.13 1.13 1.12 1.12 1.11 1.10 1.10 1.09 1.08 1.08 1.07 1.07 1.06 1.05 1.05 1.04 1.04 1.03 1.03 1.0 2 1.02 1.02 1.01 
so 1.14 1.14 1.13 1.12 1.12 1.11 1.10 1.10 1.09 1.08 too 1.07 1.06 11.06 1.05 11.04 1.04 1.03 1.03 1.02 1.02 1.0 2 1.01 1.01 1.01 
65 1.14 1.13 1.13 1.12 11.111 1.10 1.10 1.09 1.08 1.0? 1.07 1.06 1.05 1.05 1.04 1.03 1.03 1.02 1.02 1.01 11.01 1.011 1 1 1 
70 1.15 11.14 1.113 1.12 11.111 1.10 1.09 1.08 1.07 1.06 1.06 1.05 1.04 1.04 . 1.03 1.02 1.02 1.01 1.01 1.01 1 1 1 1 1 75 1.15 1.14 1.13 1.12 1.10 1.09 1.08 1.07 1.06 1.05 1.05 1.04 1.03 1.03 1.02 1.01 11.011 1.01 1 1 1 1 1 1 1 
80 1.16 1.14 1.113 1.12 1.111 11.09 1.08 1.07 1.05 1.04 1.04 1.03 1.02 1.01 1.01 1.01 1 1 1 1 1 1 1 1 1 
85 1.16 1.15 1.13 1.12 11.1111 1.09 1.08 1.0? 1.05 1.04 11.03 1.02 1.011 1 1 1 1 1 1 1 1 1 1 1 1 
90 1.16 11.15 1.13 1.12 1.11 1.10 1.08 1.07 1.05 1.04 1.03 11.01 1 1 1 1 1 1 1 1 1 1 
5 
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Su., a JECLINATION -24 -22 -20 -is -16 -14 -12 -10 -8 -6 -4 -2 0 2 
4 6 a 10 12 14 15 Is 20 22 24 






Mnute dota 26th May 92 
qLoboL transmLttance (cLear-sky) Ur- aLULudo 15 Urvish 39 to 15 dogvw 
742 pdj4ad data pcýLnta 
0 
ja 














Measured global transmittance vs that predicted for clear-sky. 
Mnute data 26th Ma.. y 92 
cfL, ffuse transmUtance (cLear--sky) 
GcL4cr cAULudo 15 UvvVi 53 to 15 dogrQw 
742 pdured daW points 












Figure D. 2 Measured diffuse transmittance vs that predicted for clear-sky. 
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APPENDIX E. CASE STUDIES. 
Cabot City Technology 
College - 
Location: 
Woodside Road, I(ingswood, Bristol. 
Ile site falls away both to the north and 
to the west, and fi)r this reason the am 
which could be developed was severely 
restricted. 7bere is a good view down 
across the site to the north wcst towards 
the new grass amphitheatre and cAsting 
orchard which are at the focus of the new 
crescent blocL 
Design: 
An innovative low-tech design for 
minimum environmental impact using 
simple and comprehensible environmental 
controls, natural ventilation and 
daylighting of deep plan spaces. Teaching 
spaces arc of high quality and responsive 
to climate. 
Form: 
IMe crescent runs roughly northeast to 
southwest which comprises both teaching 
accommodation and a circulation street. 
At the north end of the strect is the 
administration, entrance atrium, main hall 
and dining room. At the south end of the 
meet is the sports hall placed at the lowest 
point of the site, Running south cast off 
the street am three 2-storcy, deep plan 
classroom blocks. The layout of the , 
building is intended to provide specific - 
principle circulation routes and side 
and public spaces that provide many 
opportunities for social interaction. IMe 
circulation is designed to reinforce 
departmental identities. The deep 
philosophy is similar to that of 1,6th 
Academy (sw caw study). ' 
Construcdon. - 
71crc am exposed steel columns on 
both the vAngsand the crescent, 
proNiding fiiings forthe solar shading, - 
stmcmral support for the r' oof and acting 
as rainwater downpipcs. 11c alurniniurn 
windows are double glazed, powder- 
coated and thermally broken. 
Ile majority of the roofing is low 
profile metal decking but terne-coated 
stainless steel is used on the ctuved part of 
the crescent. Floors arc cast-in-situ 
concrete slabs on reinforced strip footings 
under column lines. Wall finishes are 
either plastered or fair-faced brickwork. 
11cre is a suspended ceiling on the 
ground floor to allow for service runs. 71c 
acoustic Mng on the upper floor follows 
the roof line. 
Passive Features: 
*nc exposed floor man in the street 
absorbs heat fiom the winter san. 
Extensive solar shading allows 6S% of the 
external wall to be glazed to minimise 
energy use by using daylight whilst 
preventing summer overheating. 7be 
classroom wings arc designed to maximise 
the use of daylight and natural ventibtion. 
Heating and ventilation: 
Natural ventilation inlets and outlets 
have been designed for all spaces. 7bc 
inlcts in places arc combined with warm 
air beating and the outlets arc 
automatically controlled. 
Ile classroom wings have central shafts 
down to the ground floor providing 
daylighting and cross ventilation to the 
deep plan. Heating is extensively zoned 
and controlled by a Building Management 
System with central computer and printer. 
One of the threc gas-fired boilers is 
condensing and supplies a low 
temperature underfloor heating system in 
the entrance atrium, main hall, and drama 
space- 
Warm air heatingsystemprovides fast 
response W the sports halt spotts 
changing room, kitchen and dining room. 
CJassroom blocks and circulation areas 
have radiators. 
Wirta gas fireA storage water heaters 
= provided in the sports changing rooms 
and kitchen and point of use electric water 
hc2tcrS in toilets and teaching areas. 
Cooling is only provided to the 
computer room. 
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1. Reception 2. off" 3. Staff 4. Hal S. Classroom 6. Laboratory 7. Camder 8. Library 9. music I o. Kftd*n 
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APPENDIX R. CASE STUDIES. 
Typical section through 
classroom block showing 
ventilation ducts to ground 
floor and claylighting of top 
floor 
First floor science W"atory 
showing dayliglift from two 
skies 
Ughting: 
Recessed fluorescent fittings vAth high 
frequency control gear and louvres 
provide the necessary quality of light for 
frequent use of visual display terminals. 
There is external access and security 





AMENDIX E. CASE STUDIES. 
Energy and Building statistics: 
'fbc design annual energy consumption 
in primary energy units is 173 kWh/m' 
compared with the 1981 Department fi)r 
Education Design Note 17 ma3dmum of 
240 kWh/m'. 
Architecture: 
Fieldcn Clcgg Design 
Structural and Building Services 
Engineering: 
Buro H2ppold 
Model of school from the south 
ea"I 
Uvalues are mch lower than the current 
Building Regulations Standards, 
Uvakm 
Regs. Actual % 
nprovernent 
Walls 0.45 0-32 40% 
Roots 0.45 0.30 50% 
Ground stab 0.45 0.45 
Calculated Annual Energy Consurription Value in 
Primary Energy Units - 173k"VfW 
Gross Floor Area: MOW cuixforc untmated 
sports store: 5OrW 
Teadwq Arec 4330mr 
Number of pupil places: 900 
Buidmg Net Cost OWCI E5.24Z946 vmkdre 
eidernal works 
External works: L781,641 
Base date 4th Quarter 1992 
=Be= 
ifn. 
WI99a3(e a: LW I 
Conclusions: 
The building is designed to be clearly 
legible with easily identified structure and 
services, eg. the central plant room is 
visible from the internal street. it is a low 
energy building making good use of 
daylight and natural ventilation and fits in 
with the landscape. 
Ref*r*nces: 
'BuAlfing wbich CRAAins itdr, Conwudm 
dYbYT-Osdcr, Architec foumal, 17 
Mamh IM. 
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APPENDIX E. CASE STUDIES. 
Barnes Farm Infants 
School 
Location: 
Henniker Gatc, '&lmsfibrd, CM2 
6QH, Essex, 51.6N 0.41B 
Them arc two schools on this site: the 
Infants School which was occupied in 
January 1988, and the Junior School 
which is a system building, similar to 
Cherry Tree Primary, completed in 1980. 
Design: 
Mic Infants School is similar in design 
to the Newlands School in Hampshire, in 
that it features an unheated atrium/ 
greenhouse which joins two school blocks. 
Mic striurn is oriented along a north- 
south aids and classrooms are incorporated 
in both blocý. Ilerc is no significant 
direct gain clement to this school. 
Form: 
IMe two teaching blocks of the Infante 
school arc joined by a long atriwn 
providing a low-cost additional area which 
functions both as a covered courtyard and 
covered external teaching space. Ws 
'buffer zone" has allowed die use of 
extensive glazing in the walls of the 
classroorns adjacent to it. 
Construction: 
7he external cavity walls have an 
external skin of 100mm concrete blocks, a 
SOmm, cavity and 160mm fair-ficed 
lignatherm blocks internally. The walls 
have aluminium single glazed vertical 
sfiding-sash windows with a polyester 
powder finish. 
Ibc atrium is glazed with twin-walled 
polycu-bonatr-'nc roof trusses in the 
classroom blocks arc visible and those on 
the gable ends arc glazed to provide 
daylight. 
Plan of Sames Farm 
Warts SchooL In clurmt 
weather the dassroorrts can 
be owed to the strikm 
1. Reception 2. Office 3. Staff 4. Hat S. Classroom 6. Resource 7. IrAchen 8. Atrium 
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APPENDIX E. CASE STUDIES. 
The low pitched roof is covered in 
cement fibre sheeting. 
Passive Features: 
The unheated atrium w2s constructed 
using greenhouse technology and 
includes motoriscd tidgc vents for 
ventilation, operated by a rack and pinion 
mechanism. Doors at each end of the 
enclosure arc opened to promote 
ventilation during warm periods. Ibcm is 
no heating in this atrium as it is not 
intended to be used as teaching space year 
round but as additional covered space. 
Tberc have been no attempts to beat this 
space by leaving classroom doois open 
and using warm air fi-orn, these areas to 
heat the space. 71c atrium may be 
entered fiom the classrooms via doots or 
sliding glass partitions. In clement 
weather the classrooms may be opened to 
the atriwn. 
roof lights and glazing in the gable ends. 
Artificial fight is provided by uplighting of 
the sloping underside of die rooE 7berc 
were complaints of glare ftom the glazing 
under the eaves of one classroom which 
faced southeast. However, the 
combination of uplighting and natural 
fighting was considered to be very resdW 
and it was popular with staff and a 
welcome alternative to fluorescent 
lighting. 
The north-south &figamcnt of the 
atrium ridge facilitates good daylighting, 
as the low winter sun is allowed in fiom 
the south-facing pblc-cnd windows, 
whilst in addition it inhibits overheating in 
SUMM". 
Amenity,. 
7be atrium is a very popular featurc of 
the building and them wo no complaints 
of cold 3k from this spacc cntering the 
dassroonu. 
Sectbn thmugh the two 
leachke bbcks and the 
unheated stArn which has 
been a popular k9wre of the 
sd" 
Heating and ventilation: 
The motorised. butterfly ridge vents 
insmUcd to provide summer ventilation 
may only be effective if sufficient low level 
inlet flow paths am available, Le. it may 
require the end doors to be open. 
Lighting: 
11c extensive use of glass along both 
dusroom/atriwn walls ensures good 
daylighting of the classrooms. 71c 
classroom also enjoy a high level of 
daylighting via sun resistant double glazed 
ýWcy Mid &A&V substics: 
CAIcLiated wwwal pnrury wwgy cortsumpbon 
. 296 KVvW 
Achw everage unual prwýaývy 
, C, 
Sconsumpbon 
a( both sdwals combried irom qtm 
wW arviual degree days to "Itiorial 20 yew ut) 
!W 
220 kmvw 
Gross Floor Arex 704ml 
Whested abium: 283ml 
Nwdw of pupi places: 180 
8WIng Net Cost Sm date 2nd Quarter 1986 
&Mmg Net Cost CBNCI: L378,358 vzkAmg 
adernal works 
External works* L66,269 
= BW, oss Am area: 1537.44/ml 
led m 1988 
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APPENDIX E. CASE STUDIES. 
The sodh facade stowing the 
entrance to the cerdral atrkKn 
ktemal view of the wheated 
shium 
Client 
F--sex County Council 
Architecture: 
C. P. Prench, County Architect's Dept., 
Essex County Council 
Conclusions 
This is a good example of an unhc2tcd 
atfitim. The atrium width of 6.2m is 
optimal., Ilic vents arc clTectivc in 
preventing overheating. 
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APPENDIX E. CASE STUDIES. 
Fleet Infants School 
Lmation: 
Velmead Road, Flcctý Hampshire. On 
the outskirts of the small town of FIcct in 
Hampshire. Sheltered by a narrow belt of 
pine arts to the north and looking out to 
the south onto more woodland across a 
narrow tract of sandy hcathland. 
Design: 
Mine class bases face south and look 
out onto paved - rea . 'Ibc hall/gym, 
music/drama room, kitchen and 
administration =2 arc on the north side 
, of the central spine circulation route with 
its shared use niches. The central entrance 
opens onto a shared rcsourcc/library area. 
'rbc administration, kitchen and toilets 
am in enclosed cellular pods. 
Form: 
The building h2s a low angle, pitched, 
profiled shcer steel roof rising to a 
continuous crntr; d ban-cl-shaped 
poycarbon2tc rooflight. It has full height 
double glazing on north and south 
facades and a concrete slab with 
underfloor heating. 
Construction: 
A minimal lightweight tubular steel 
frame supports a sandvAch profiled steel 
sheet roof containing a mineral wool quilt 
with a polythcnc vapour barrier and a 
perforated ceiling on the insidc giving 
good acoustic absorbency. 
A mesh reinforced slab is locally 
thickened to support the columns. nc 
north and south facades have full height 
double glazing. 
Passive Features: 
External stretched fabric awnings on 
the south side protect the glazing from 
solar gain in summer. Ridge vcnts in the 
rooflight are opened automatically by 
thermostat or can be opened by a switch 
and are intended to generate natural 
Plan of FWd kdants SchooL 
7be ca*al $Pke of cwcdation 
-Parate-s the dassrooms to 
ft SoLith friom the ancamy 
sPaces an the north side d 
the bukke. 
1. Reception 2. Office 3. Staff 4. Hal 5. Classroom 6. Class Base 7. Wary 8. Music 9. Mchen 10. Shmed 
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Sx*ey Diagram showing 
the buUngs sup* and 
consumption of energy. 
ventilation for the 10 mctrc deep 
classrooms which are fittcd with perimeter 
louvre windows at clerestory level. 
Heating and ventilation: 
Mic building has little thermal mass to 
store solar gains and has a polythcnc pipe 
hot water ttndcrfloor heating system 
which is not sufficiently responsive to 
accomodatc such gains. Overheating has 
been reported in spring and autumn. 
Mechanical ventilation is provided to 
the kitchen and toilet pods. 
Lighting: 
lighting is principally by daylight from 
the perimeter glazing and central 
rooflight. Ile quiet areas, toilets, kitchen 
wid other areas located in pods are 
dependent on electric lighting. 
Energy: 
The actual average primary energy 
consumption (corrected for regional 
differences but not to the 20 year Degree 
Day avcragc) - 312.1 kWh/m' 
'nic energy use is high when compared 
with other well known modern 
Hampshire designed schools. The 
ventilation loss accounts for 41% of the 
energy use as shown by the Sankey 
diagram. This may be due to the use of 
louvm type window vents which arc 
notoriously leaky and were replaced in 
many London schools partly for this 
reason. 
Ener and Building statistics: 
A=A%ai Energy Consumption(corrected for 
regional Werences but not to the 20 year Degree 
Day a%wage) - 312.1 kWtVtW 
Gross Floor Area: I 18ft' 
Number o(pupd places: 315 
Number on role: 220 
Building Net Cost OWY L651.761 excluding 
e)dernal works 
External works: V4,674 
Base date 2nd Quarter 1987 
W r= floor we&: f548.6Z/Im2 
eý in December 1986. 
Pubic sector tender price indvc 254 
Architects: 
Michael Hopkins and P2rtners 
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Hook, Hampshire 51.2N SW 
Design: 
The pmjcct was a prototype in its 
approach to the maintenance and 
r6urbisfunent ofSCOIA-system 
buildings and represents the first 
oombined approach to building and site 
rationalisation by the County Architect 
with the aim oh- 
L Integration of two schools under one 
Pitched roof to provide shared use of 
facilities on a reduced site area. 
I Upgrading of an e3cisting building to 
cunitnt teaching standards wirhin the 
brief for a new school. 
iii. Providing an cncrgy cfficicnt 
cnvironment to contemporary sundards 
for both new and acisting structurcs. 
7be school has been extensively 
enlarged and remodelled. 7bc c3dsting 
building was enlarged by extending each 
lcg of the H-plan and adding a central 
glazed pitched roof which runs the length 
of the building, creating atria bcm, = the 
classrooms in each leg of the H-plan. 
A staff room is located at first floor level 
under the atrium rooE 
Form: 
The aids of the glazed portion of the 
school lics in a Northwest-Southeast 
direction, the infants school occupying the 
Northwest and the juniors the Southeast. 
71te occupants of the north end of the 
building consider that the strium is ofkn 
very cold in winter. 
Plan of Hook biants and Axior 
School. Below the ground 
floor plan Is the first floor Level 
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Passive Features: Lnergy. 
Sectbn stwAV Me lie atria are heated. Ile glazed roof The S4 
classrooms eltw side of 
tle abim The atrium may also act 
as a source of ventilation incorpor 
has a &zed roof vAth when both 
high solar gains generate example 
vents Wtich can be sufficient buoyancy and the vents are switch o 
opened mamolY. ýenrd- Ite 12rrer renuim M2nu2l rwrnrv in 
Mic atria are heated. Ile glazed roof 
may also act as a source of ventilation 
when both high solar gains generate 
sufficient buoyancy and the vents are 
opened. Ile latter require manual 
operation. Stale air is drawn from the 
classroom spaces and exhausted via the 
roof vents. Overheating of the central 
glazed area during periods of high solar 
gain is also controUed by these vents. 
Glare is prevented by in opaque 
Composite roof Sheet I=Chcd to part of 
the south facing section of the pitched, 
glazed rooE 
Heating and ventilation: 
The school is heated by gas-fired 
OcnuW heating, and no provision has been 
made for the warm air generated under 
the glazed roof to be conveyed for heating 
of dassrooms. 
Ughting: 
Daylighting from the central areas is 
intended to illurninate the adjacent 
classrooms. Between the atria and the new 
classrooms them is clerestory glazing 
giving be= daylighting than in the 
cidsting classrooms. 7be level of 
daylighting provided in the original 
classrooms, in contrast to the atria areas, is 
not considered to be satisfactory by the 
occupants, and ardfici2l lighting is used at 
all times. 
The school has bccn well insulatcd and 
incorporatcs cncrgy saving fcanuu, for 
cxample autotnatic lighting controls which 
switch off the dectric lighting cvcry 
twcnty minutcs. 
Amenity. 
Ile atria am heated and carpeted, and 
used extensively as additional teaching 
spaccý as well as providing circulation 
between the claswoorns. 
Energy and Bulkling statistim- 
CalcuWed Annuid Primary Energy Consumption: 
246.3 kMvW 
AeaW Av%W Primary Energy Consurrio-c 
243.6 kMvW (corrected lot regional 20 yew DD 
averages) 
Gross Sow area o(odeasiort 9270 
Gross kor area of whole sdwot 25%W 
Teadwig ar" of umansiore 606(W 
Tesdvng ares d whois sdioot 1433ml Nuntm o(pupl P(aces: 430 (orj&vW sdod 3201 
A, A&ftv Net Cost q94CtM, 5W kKkIft ; ý-wa woft 
Sam dde Ist Quarter 19M 
ON(WOrOu bar Sr" o(whole sdwot L311ASI 
RemodeFww S, refurbistimerd compMed by IM 
Architecture: 
XOgden, Perlins Ogden Pannenhip, 
Winchesttr 
Bull(ring Services Engineering: 
G. Herman, IGng Cathety Partnuship 
Energy Consultant 
rrof. r. o, suiuvan, UVV=, Cardiff 
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I North Facade 
kteriDr of heated atrkm The 
opaque surface of the south 
fackV roof preverts excessive 
solar gain 
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The design is planned for the 
m2nagemcnt of ch2ngc, with ma3dmtun 
flc3dbility and versatility and resembles a 
shopping ccntrcý with a glazed m2in 
streetý c)=nsivc planting, seats, a street 
cafe_ and displays and banners identifying 
the subjects on offer. There am extensive 
community facilities. There is a swimming 
pool used by both school and 
community. 
Ile secondary streets, also glazed, are 
at right angles to the main street to give 
access to any depa=cnt without having 
to go through another one. The blocks of 
accomodation between the strects have a 
dear spin of 16.8 mctres, giving two bays 
of 7.2 mctrcs; each side of a 2.4 metrc 
circulation/semiccs distribution zone, also 
glazed. Sometimes this zone is 
incorporated within a room and 
sometimes it is "corridor" but 
nevertheless wide and full of fight. 
Plan o( Leith Academy. The 
giazed nain and secondary 
streets provid provide 
independent access to al 
departrnents wihn the 
a-deny. 
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Schernatic section of a steel 
showing the glazing at roof 
level whh ridge vents which 
help control potential overheat- 
Ing and enable srmke 
ventilation In the evert of fire. 
7be design allovvs flexibility of use for 
teaching; and community use of the main 
accomodation blocks. In this way 
expansion or contraction in student 
numbers or changes of use can casHy be 
accomodated. Whole blocks of the 
building can be sub-leased for non- 
caucational use without affecting the rest 
of the school. Reorganisation is easier 
because all interior walls can be taken 
down without affecting structure or 
primary services. 
Dynamic energy simulation of the 
building was past of the in-house design 
process. 
Form: 
7be school is predominantly single 
storcy. On the west of the sim am 
industrial premises and the 2 storcy 
elements and major spaces such as the 
games hall arc located on this edge. To 
accomodate the poor ground conditions 
on the cast of the site and the 
ncighbouring single storcy and scmi- 
detached private dwellings the college is 
single storcy along this eastern perimeter. 
Construction: 
I'lic building is a steel portal fi-ame at 
3.6m centres spanning the full width of 
the 16.8m typical building section thus 
achieving the ma)dmum unobstructed 
volume. Ile roof is of composite 
insulated steel panelling with a barrel 
vaulted spine at the apex lighting the 
2.4m wide circulation zone and enabling 
all rooms to be dayUL External walls are 
cavity insulated ficing brick/block 
construction, and internal partitions do= 
paint grade concrete block. 71C main and 
secondary strects have ficing blockv., ork 
walls roofed v6ith patent glazing 
incorporating automatic opening sky 
vents. 7bem arc substantial areas of 
planting in the streets. Windows arc 
hardwood double glazed. AD glass is 
laminated to reduce maintenance costs. 
Inturnescent foam in the main street 
glazing provides a fire barrier. 
Services am generally exposed. 
Passive Features: 
71c streets am glazed at roof kvd and 
collect solar gain. 7ne exposed medium 
weight thermal blocks dampen the 
response of the fibric to thermal swings. 
To minimis; e potential overheating in 
summer a series of additional ridge vents 
have been included in the strcets, which 
are thcrmostatically controUedL'Tbcsc 
vents also enable smoke ventilation at no 
additional cost. 
Heating and ventilition: 
Sill line natural convectors are 
supplemented by warm air ductcd from 
the air-handling units located at high level 
in the main north-south street. 
7te ductwork rwis down the centre of 
the deep plan blocks beneath the barrel- 
shaped rooffights. 
7bc streets am unheated except for 
partial underfloor heating, taking 
advantage of residual heat from the 
overnight kindling of the coal-fired 
boilers. 
Tbc heating and ventilating is 
controlled by a central BMS system Unked 
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to the Central Council Offices. Fresh air 
supply rates can be minimiscd in the 
hacting season. Fresh air can be used for 
free cooling in sw-nmcr using the supply 
air fans. Local air-conditioning is not 
needed except for in small areas v6ith high 
casuai gains due to information 
technology etc. 
Uthting: 
By the use of c1crestory glazing on 
corridor %211sý in conjunction vvidi slatted 
ceilings in smaller rooms, every room in 
the building is able to enjoy natural light 
, widýn the deep plan. 
Energy: 
The suirruning pool has a combined 
heat and power plant and a beat recovery 
system. 11c NPI (National Performance 
Indicator, Energy Efficicncy Office 
yardstick) for the school is 269.8 kWh/ 
0/annurn which is in the good category 
for a secondary school with a swinuning 
pool and community facilities for which 
the ratings 2fc: * 
Poor -c 470, Average < 370 and Good laura Smvinson, AmWtccmml Services, 
2So kWh/ml/annwn. Lothian Regional Council 
Energy and building stitistics: 
Actual Annual Energy Consurroton 
for 1991Aebruary 1992: 
Natural gas 660,903 kWh 
Coal 1.550,400 kWh 
Electricity 620.652 kWh 
Aclual Primary Amual Energy Conumption for 
I ggVebrusfy 1992(corrected for regiorW 
ddforemes W od to Me 20 year Degree Day 
average) 
. 5.821.842 kWh - 
626 kWtVmVoss loor area) 
Gross fiw $fees: 
sdwd use: 7174ml 
Commundy use: 131 Iml 
arcutation space for both uses: SlOrn' 
TOW gross floor area- 9295MI 
Area of unheated glazed streets: 1,5680 
NWjW Of pupil places: 900 -1500 on omasion. 
Building Net Cost (BNC): L6,797.293 exciluding 
gAernal works and preluninary ground 
improvements. 
prolm*ary ground irnprovernerds: 1620,832 
External works: 1549,815 
Architect: 
kkffw pmwtwe of a laura Stevenson, Architccmral Services, Steet ShOWN mosed 
Lothian Regional Council dmtwoot ww swed mot 
&bove. 
Conclusions: 
7be emphasis on the changirig role of 
the building is a concern of many 
designers and this building demonstrates a 
way of providing for a mnge of end uses 
within one building envelope. 
71c design has received much 
Mention. seems to VVOrk Well and may be 
used as a modd for further schemes 
including mixed use redevelopment. 
ease date 2nd Quarter 1988 
BNc/gf oss floor area: 17312W 
Campleted m 1991. 
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North Facade and main 
entrance from street 
hemal glazed street 
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Swanlea Secondary School 
Location 
Brady Strcct, Whitcchapd, London. 
Ilic school is in the cast end of London. 
It is on the comcr of two stimm and is 
bounded on the north by a burial ground 
with somc finc trccs and on the wcst by 
an underground milway. 
Design 
in order to provide good communication 
between subject areas the school is designed 
around a main street with circulation by 
means of high level walkways, bridge links 
and a disabled access lift. By careful fire- 
cn gincering the stairs at each endofthcmaU 
have not been endoscd in fire compartments 
which cases the access bcwccn levels. 
Form 
The teaching spaces are on three 
storcys on the north side of the maH and 
two storcys on the south. Tbc south 
facing slope of the roof over the rnaU 
takes up the difference in levels and also 
ma--ýdmiscs solar gains. nc building is 
constructed on 2 module equal to the 
classroom width of 8.1 mctrcs. This is 
expressed externally by the classroom 
setbacks and the repeating crest shaped 
slopes of the classroom roofs. 
Construction 
Bored cast in-situ piled fbundations 
support a ventilated suspended ground 
floor slab. Ile walls are of loadbearing 
bk>&work clad with bricks or cladding 
panels with insulated cavities. The strect 
elevations am mainly in yclIow London 
stock bridks, similar to cjdsting local 
buildings. Internal walls are largely of 
plastered loadbcaring blockwork with 
extensive glazing onto the mall. 
Blockwork partitions provide the 
robustness, fire resistance and acoustic 
separation needed and arc an econon-dcal 
form of construction. Precast gutters 
provide fire stability to the compartment 
walls. 
Upper Boors were formed with precast 
shuttering with integral void formers to 
provide service routes and reduce weight. 
'nc cur%-cdroofsto the classrooms arc bat up firorn profiled aluminium sheet 
with standing scarns carricd on curvcd 
sted T-scctions. 
Passive features 
The null is glazed with special glass 
pands. These arc hermetically scaled and 
double glazed. They incorporate purpose 
designed 'Okasolar' reflective glass 
prismatic strips set at predetermined 
angles. The angles of the prisms arc 
adjusted depending on the location of the 
glass panel on the roof slope. Ibis is 
because the slope of the roof gets steeper 
towards the bottom. The angle is chosen 
to rcflcct the majority of the sunshine in 
summer and to transn-dt the majority in 
winter. 17hc angle depends on the altitude 
of the sun in summer and the angle that 
the glazing makes with the horizontal. 
The glass prisms am reflective arc a form 
of fixed shading device. Ibc glass is largely 
vff-dcaning as the minimum slope is 15 
degrees. 
SLOWER 






so wmv vwwrdllod 
Detall secdom dmvqrh Okas*W double glazing 
Tbc mall is unhcat, cd except fbr passive- 
solar gains and gains from the adjoining 
classrooms. Significantly, them have been 
no compbints that the mall is too hot or 
too cold. It therefore provides a useful 
thermal buffer space. '17he end walls arc 
fully glazed as is the opening onto the 
south exhibition courtyard. In the licating 
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season, when the temperature of the air in 
the null reaches 20*C it is used as a 
preheated supply for the mechanical 
ventilation system serving the classrooms. 
In summer, overheating of the null is 
prevented by thermostatic opening of the 
fire ventilators located in the top section 
of the slopimg rooC 
Heating and ventilation 
Both the cavity-waUs and the roof are well iiuulatedvvithU-v2lucsaroandO. 3W/niýý 
much lower than required by the Building 
Regulations. The larger classrooms, 
laboratories and technology spaces arc 
provided with mechanical ventilation. A 
schemeofnatut-4 ventilation using thestack 
cffect generated in the mall was considered 
but was found to conflict with the necessary 
fire and acoustic separation. However, heat 
reclaim using plate heat exchangers (for low 
maintenance) and the use ofsolarpreheated 
airfrorn the central mall make thcvcntilation 
system energy efficient. 
Out of hours use ofpart of the building is 
easy with hcating-on times ofibur separate 
heating zones controlled from a central 
computer. Also aseparate boUcrhousc 
the catering and sports arm The 
boUcrhouse serves the rest of the school. 
The heating system has weather 
compensation, optimum st art and radiators 
arc fittcd with thetmostaticvalvcs. Hotwatcr 
is provided by local hot w2tcr generators 
except for the ldtchcn and shower rooms 
which arc served from their own boiler 
plant 
Ughting 
Ile maidmarn amount of daylight is 
admitted to all areas. Classrooms arc fit fiorn 
two sides; from the main view windows and 
fiorn the clerestory glazing under the raised 
edges of the classroom roofL Light is also 
borrowed fiom the central malL 
High firquency fluorcscent fighting is used 
inmostarcas In theclassmnu a two stage 
switching arrangement controls each of 2 
sets of bulbs in each lurninalm so that the 
fighting can be adjusted to suit the level of 
daylight available. A central time control 
enables all classroom lights to be switched 
offat break or lunch time. This his proved 
cost effective in other schools. 
Energy 
7be building has predicted primay 
energy oonsumption figures based on the 
DN17 calculation which are much lower 
than the target values. The energy 
effidcncy is due in large pa. rt to the simple 
beating and fighting controls aided by the 
unheated passive solar mall. 
and Ou 61 dst; cs 




Calculated Ener n Value in r"Ns 
energy unft . 
=11cormared 
to 1 17 
target of I Teacting 
MMW 
Gross Roor Are*exckAng 1-4 central malt 
A 
9.023mt 
rea of unhWed mak I 486m' 
kxdw of Pupil places: 550 
Building Net Cost OM L6,981. = 
emkidirog external works 
External worim L580.000 
Base date 4th Quarter 1993 
= oss floor area: f773.74W Zd 
in August 1993 
Public sector tender Price index 249 
EmkmnmW section ttrough 
Me centrA mg 
-p 
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SECOND FLOOR 
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Amenity 
Community usc of the school has bccn 
considered as part of the design. The 
sports and catering facilities arc separately 
zoned for heating allowing economical 
lctting. A creche and community rooms 
arc provided 2dj2ccnt to the language 
department. The landscaping provides 
paved play areas and fbrinal g2. rdcns. An 
ecological garden forms the focus of the 
southern courtyard and the smaH 
courtyard directly accessible from the rnaU 
is intended as in exhibition area. 
Client and project management 
BcthngLI Green Ncighbourhood Project 
Management, Iondon Borough of Tower 
Hamlets Educ2tion Department 
Architecture 
TIc Percy I'liornas Partnaship 
Structural Engineers 
YRM Anthony Hunt Associ2rcs 
Services Engineers 
Whitby and Bird 
Thermal and smoke modelling 
Design Flow Solutions 
Fire Engineering 
Colt Internation2l IAd 
46 
MV 
Entrance to the school 
References ViLw from the South 
Arc hitccm Journal, Octobcr 1993. 
The passive solar rnall showing the curved 
topering circular hollow section support columns 
and the fire ventilators at the top of the sloping 
roof 
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